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I must not fear. Fear is the mind-killer. Fear is the little-death that brings total 
obliteration. I will face my fear. I will permit it to pass over me and through me. And 
when it has gone past I will turn the inner eye to see its path. Where the fear has gone 
there will be nothing. Only I will remain. 
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ABSTRACT 
Exploration of the Fundamentals and Quantitative Applications of Matrix Assisted Laser 
Desorption Ionization Time-of-Flight Mass Spectrometry (MALDI TOFMS) for Polymer 
Analysis 
 
Renata Szyszka 
Kevin G. Owens, Ph.D. 
 
 
Electrospray deposition (ESD) is used to prepare synthetic polymer samples for 
analysis by MALDI-TOFMS. Detailed surface characterization of these samples using 
atomic force and optical microscopy was undertaken to improve the precision of the 
sample preparation process, which is particularly important when ESD is utilized for 
deposition of the matrix for mass spectral imaging experiments. It is demonstrated that 
the degree of matrix solution saturation is a critical parameter affecting the size of the 
solid droplets on the surface and the surface coverage. MALDI mass spectrometry is 
developed as a method to measure both the surface coverage and thickness of the ESD 
samples. The method enables determination of the minimum spray time required to 
obtain one monolayer of ESD droplets, and it can be used to characterize the sample spot 
profile with regards to sample coverage as well as the sample thickness.  
The effect of time in vacuum on the matrix stability, solid droplet size and surface 
coverage is also demonstrated. Significant evaporation of the sample during vacuum 
exposure is shown to decrease surface coverage and affect the MALDI analyte signal. 
The importance of both the matrix-to-analyte and salt-to-analyte ratios on the 
cationization of synthetic polymer samples in MALDI is studied using a series of 
poly(ethylene glycol) (PEG) and poly-(ethylene glycol) monomethyl ether samples of 
  xxxiii
various molecular weights. This work suggests a competition between the matrix, higher 
matrix clusters and the analyte for the cationization reagent in the MALDI experiment. 
Visually unusual “donut-like” sample spots are recorded for samples 
electrosprayed using CHCA matrix containing high salt concentrations. Confocal laser 
scanning microscopy reveals that spherical nano-particles are located in the outer ring 
while more cylindrical particles are found in the center of the spot. The polymer analyte 
signal shows an enhancement in the central portion of the spots, while salt-adducts of the 
matrix show enhanced signal in the outer ring.  
A combined MALDI standard additions/internal standard method is developed 
and used to measure the amount of residual PEG in a series of ethoxylated surfactant 
samples with various hydrophobic-hydrophilic balance values. Good quantitative results 
are obtained as verified by standard HPLC methodology. 
 
 
 
 
 
 
 
 
 
 
 
 1
CHAPTER 1: INTRODUCTION AND OVERVIEW 
MALDI Mass Spectrometry 
Soon after discovery of the technique in the late 1980s1,2, matrix-assisted laser 
desorption ionization (MALDI) mass spectrometry became an important soft-ionization 
method used to study peptides, proteins, oligonucleotides, inorganic molecules and a 
number of synthetic polymers.  
Owens and Hanton3 suggest that there are four basic steps in the MALDI process: 
sample preparation, analyte desorption, analyte ionization and mass analysis. MALDI 
starts with sample preparation- the only step that is performed before the sample is placed 
in the mass spectrometer3. Some researchers claim that successful generation of a 
MALDI mass spectrum is 80-90% due to proper sample preparation3. The quality of the 
spectra or the ability to generate any spectrum per se is dependent on many variables 
addressed during this first step. Choice of the appropriate matrix is important since many 
classes of compounds behave effectively (i.e., generate a good quality mass spectrum) 
only in the presence of a specific matrix material. The solubility of all sample 
components in a chosen solvent, as well as in the solid phase after solvent evaporation, is 
crucial, as it prevents analyte and matrix segregation. Choice of an effective cationization 
agent should be considered when synthetic polymers are to be analyzed. Apart from the 
above choices, mixing all the sample components at the appropriate matrix-to-analyte 
(M/A) and salt-to-analyte (S/A) ratios (where the cationization agent is called the “salt”) 
can lead to either signal suppression or signal enhancement; therefore, the specific 
amounts of each sample component matter significantly, as well.  
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The second step, which happens in the ion source of the instrument, is analyte 
desorption.  When the sample is irradiated with a pulse from an ultraviolet laser, the 
matrix molecules absorb the light. Solid matrix molecules disintegrate and release intact 
analyte molecules, originally trapped in-between the matrix molecules, into the gas 
phase. During sample desorption in the high vacuum of the mass spectrometer, a 
supersonic expansion is created. The desorbing high density MALDI plume resembles a 
“chemical reaction vessel”3, where a number of different chemical reactions are taking 
place. At this point the third MALDI step- analyte ionization- occurs. The last step in 
MALDI process is mass analysis of the ions generated as a result of these gas-phase 
reactions.  
 
Electrospray Regimes 
Sample preparation for MALDI is still the critical step that has a major influence 
on the quality of the mass spectrum3,4,5,6,7. Different sample preparation techniques will 
be discussed in more detail in chapter 3. Electrospray deposition (ESD), one of the 
methods for preparation of highly homogeneous samples, will be discussed here. Also, 
since the conditions used for electrospray deposition and electrospray ionization (ESI) are 
similar, the basic characteristics of ESI will be mentioned. Some of the modes of ESI will 
be described as they may help the reader better understand results obtained from samples 
prepared by ESD. 
The ESD apparatus is composed of a stainless steel needle filled with a known 
volume of sample solution. A high potential of between 3-9 kV is applied to the needle7-8. 
A grounded sample target is placed underneath the needle at a specific distance, e.g., 1-3 
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cm away. A syringe containing sample solvent is clamped into a syringe pump and 
connected to the ES needle by inert tubing. When the pump is on, the solvent pushes the 
sample out of the needle with a flow rate of approximately 1-5 µL per minute4, 9. The 
sample solution forms a droplet at the tip of the needle where the charges accumulate if 
the potential is applied. When the Coulomb repulsion of the same polarity charges in the 
droplet exceeds the surface tension of the solution, a Taylor cone is created.  According 
to the principles of ESI10 ,11 a mist of charged droplets is created at the tip of the Taylor 
cone that then travels in the electric field between the needle and the grounded plate. The 
primary droplets are created by detachment from the tip spray. These droplets may 
initially be connected by liquid bridges. During their travel to the sample plate surface, 
solvent evaporates and the droplets separate and shrink in size. Again when the 
accumulation of charges within the droplet exceeds the surface tension of the droplet, 
repulsive Coulombic forces cause the droplet to fission. During this fission process 
smaller, secondary droplets are generated. The secondary droplets are formed when ESI 
is typically used for low concentration solutions (10-5 – 10-3 M range)12-13, although the 
concentration of solutions prepared for the ESD can be much higher. In theory, because 
of their small size, the high surface area of the droplets leads to better solvent 
evaporation, and the droplets are nearly dry when they reach the sample plate. Deposition 
of sample by ES should eliminate any segregation between individual MALDI sample 
components4 otherwise caused by slow sample drying and separation by crystallization.   
The conditions used for ESD are similar to the conditions used in ESI, therefore 
similar spray regimes at the tip of the needle might be expected to occur in both 
processes. The spray modes are dependent on the solution properties, flow rate and 
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voltages applied to the capillary tube12, 14-16. Some of the many modes identified include 
the dripping16, micro-dripping, spindle, cone-jet or multi-jet modes12, 14. The modes are 
classified according to the way the meniscus and droplets are formed; these modes 
undergo transition from one to another when changes in the solution composition take 
place and/or the ESD parameters are adjusted. The specific modes (some of them are 
shown in Figure 1.1) can be distinguished from one another by monitoring the current 
changes on the counter electrode or by fast imaging.12  
The first mode, the so called “dripping”16 mode, can be observed when low 
voltages are applied to the ESD needle. The ejection of large droplets occurs at regular 
time intervals. With an increase in the applied voltage there is a change from the 
“dripping” mode into a “pulsating Taylor cone” 10,12. In the “pulsating Taylor cone”12, or 
called by Cloupeau and Prunet-Foch16 “spindle” mode, large, spindle-like droplets 
(shown in Figure 1.1c and 1.2g) are created but they are accompanied by a number of 
smaller droplets. The small droplets that are generated by the whipping instabilities at the 
end of the jet undergo several fissions and intense radial dispersion. 
Further changes in the ESD conditions lead to generation of the “cone-jet” mode. 
A relatively stable shape of the meniscus is obtained and significantly smaller primary 
droplets have been measured for this mode12. It is worth mentioning that the length of the 
jet increases and the meniscus profile acquires different forms (e.g., a symmetrical cone, 
elongated meniscus or skewed cone-jet) within the “cone-jet” mode with an increase of 
solution viscosity, resistivity and liquid flow rate.16 Radial dispersion of fine droplets is 
also recorded in the “cone-jet” mode.12  
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At even higher voltages, lateral kink-instabilities appear and the “cone-jet” 
stretches and undergoes extensive whipping motions. “Multicone-jets” are also possible 
and they happen when the single spray breaks into several jets. 
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Figure 1.1. Shapes of the meniscus and types of spray modes. a and b) represent a 
dripping mode also called a “burst mode” ; c) pulsating Taylor cone mode, d) is the 
steady cone-jet mode (a-d pictures obtained from Vertes et al.12). The bottom panels 
represent different forms of meniscus in cone-jet mode observed during the experiments 
performed in this thesis: e) elongated, f) regular cone-jet, g) skewed cone-jet and h) 
multijet mode. 
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Figure 1.2. Spray in “spindle”- dripping type mode. Stages of droplet formation.(from 
reference Cloupeau and Prunet-Foch16) 
 
 
 
Organization of the Thesis 
The work described in this thesis is focused on obtaining a better understanding of 
MALDI sample preparation via ESD and of the polymer cationization process, and 
application of MALDI mass spectrometry for the quantitative analysis of synthetic 
polymer samples. 
Chapter 2 contains all of the experimental details including a description of the 
materials and methods of sample preparation, the instrumentation used to collect the mass 
spectral data, and the software utilized for data processing. 
The work presented in chapter 3 focuses on sample characterization. Although 
MALDI mass spectrometry imaging17-18 (MSI) is broadly used to measure the physical 
and chemical interactions of the sample components and molecular composition and 
distribution of an analyte on the sample surface, detailed sample characterization is still 
necessary as it greatly influences MALDI signal. Chapter 3 is divided into three major 
parts. The first discusses surface characterization. The size of the ESD deposited particles 
and their structures are studied using atomic force microscopy (AFM). The types of 
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droplets (wet versus dry) of the samples prepared at different levels of matrix saturation 
are described. The second part of chapter 3 focuses on surface coverage. Sample 
coverage and sample coverage profiles of ESD-deposited samples are studied with 
optical microscopy as well as MALDI. The quantity of matrix needed to create a 
complete monolayer was determined. The third part of chapter 3 concerns the 
measurement of sample thickness. MALDI is used to characterize both spot thickness and 
to acquire a profile across the sample spot.  
Investigation of the effect of matrix evaporation on the analyte peak areas 
obtained in MALDI is undertaken in chapter 4. It is known that MALDI samples 
evaporate when placed in the high vacuum (10-7~10-8 Torr) of the mass spectrometer and 
their evaporation may result in unsuccessful analyses. Chapter 4 is an extension of the 
work done by Cynthia Chavez-Eng19, who reported that vacuum stability is important and 
that it may be affected by the sample mixture composition and the rate of sublimation of 
individual sample components, as well as M/A ratios. In chapter 4 an attempt was 
undertaken to characterize sample coverage along with describing the behavior of a 
single solid sample droplet exposed to vacuum for a prolonged time. The decrease in 
surface coverage was studied with optical microscopy as well as AFM. 
The objective of chapter 5 was to further investigate the effect of the amount of 
cationization reagent on the response of a polymer sample in the MALDI experiment. 
Both matrix-to-analyte (M/A) and salt-to-analyte (S/A) titrations were performed, and the 
complexity of the MALDI process in the polymer analysis is discussed. 
Chapter 6 contains information about samples of a special shape, called in this 
work “donut-type” samples. Samples of poly(ethylene glycol) (PEG 4600) with alpha-
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cyano-4-hydroxycinnamic acid (CHCA) as matrix at high concentrations of sodium 
trifluoroacetate (NaTFA) salt (S/A>3) were found to form a ring-type sample spot with 
thinner looking centers and thicker edges. Strong analyte signal enhancement was 
recorded in those samples in the central regions of the spots. Sample preparation 
conditions, type of the sample spots and associated signal enhancement were found to be 
coupled to the sample morphology.  
Measurement of the residual polyethylene glycol (PEG) in polyethylene oxide 
(PEO) – based surfactants is important to fully understanding the performance of these 
materials.  Traditional methods of quantitating PEG in PEO-based surfactants can be time 
consuming and struggle with low amounts or overlapping molecular mass distributions.  
Chapter 7 describes a MALDI-based method developed to quantitate residual PEG in a 
series of ethoxylated surfactants.  The technique addressed the difficulties faced in doing 
quantitative MALDI experiments by utilizing both internal standard and standard 
additions protocols.  The method produced excellent straight line standard addition plots, 
and the quantitative results were verified using both a constructed standard and an 
independent traditional chromatographic separation. 
Chapter 8 suggests additional experiments that might be performed in order to 
better understand sample preparation issues, the MALDI mechanism and its effect on 
quantitative analyses.  
The importance of the solubility of the different components of a MALDI sample 
in order to prepare homogeneous samples is generally known in the MALDI community. 
Since solubility affects solution saturation and the electrospray deposition process, 
solubility measurements of the commonly used dihydoxybenzoic acid (DHB) and CHCA 
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matrices in a set of organic solvents were performed. Detailed information regarding 
experimental conditions and the results are provided in Appendix B. 
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CHAPTER 2: EXPERIMENTAL 
 
Introduction 
 
  Experimental details for the entire thesis are provided in this chapter. Information 
about all of the instruments, sample preparation, software used and data analysis are 
discussed in turn. 
 
 
Instrumentation 
 
Bruker AutoFlex III MALDI TOF - Chapters 3, 4 and 6 
Mass spectra were collected on a Bruker (Bremen, Germany) AutoFlex III 
MALDI TOFMS running FlexControl version 3.0 (Build 183) flex-series 1.2 SP 1 Patch 
3 software. The instrument was operated in the reflectron mode with a 100 nanosecond 
pulsed ion extraction (PIE) delay. A pulsed (100Hz repetition rate) neodymium-doped 
yttrium aluminum garnet (Nd:YAG) laser at 355nm was adjusted to just above the 
threshold for ion production when samples in CHCA as matrix were analyzed. The 
repetition rate of Nd:YAG laser was 200Hz when samples in DHB were acquired. 
Typical voltage values for the TOFMS were 19.0kV on IS1, 16.5kV on IS2 and 21.0kV 
on the reflector. The voltage applied to the microchannel plate detector was 1.7kV. The 
voltage on the lens was set to 8.10kV. All voltages were adjusted to obtain the highest 
sensitivity and resolution of the collected mass spectra. 
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Bruker UltraFlex III MALDI TOF/TOF - Chapters 3 and 5 
Mass spectra also were acquired on a Bruker (Bremen, Germany) UltraFlex III 
MALDI TOF/TOF instrument. The analyses were performed in positive ion reflectron 
mode using a 150ns PIE delay time. All mass spectra were recorded at a 2Gs/s data 
sampling rate. The laser fluence of the Smartbeam II Nd:YAG laser was adjusted to be 
above threshold for the generation of MALDI ions. The size of the laser spot was set to  
5μLarge (laser beam of 80μm in diameter). Laser intensity settings were kept constant 
within the same sets of data. High vacuum of the ion source was recorded to be  
2.6*10-7 Torr.  
Individual mass spectra were the sum of 200 laser shots acquired at a 50Hz laser 
repetition rate. The “random-walk” continuous rastering option with 5 laser shots per 
position was utilized with simultaneous data collection. Data were acquired using the 
Bruker FlexControl v. 3.0 software.  An average of five mass spectra were obtained from 
every spot. 5 shots/position were collected with the laser fixed at one position during 
MALDI thickness measurements. The study was carried out with one-spot-at-a-time 
deposition before the sample holder was placed in the MALDI source.  
 
Bruker Reflex III MALDI TOF - Chapters 4 and 7 
Mass spectra were acquired on a Bruker (Bremen, Germany) Reflex III MALDI 
TOFMS instrument. The analyses were performed in positive ion reflectron mode using a 
medium PIE delay. The instrument parameters were optimized for best mass resolution at 
2000 Da.  All mass spectra were recorded at a 1Gs/s data sampling rate. The laser fluence 
of the nitrogen laser at 337nm was selected to be just above threshold for the observation 
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of MALDI ions.  Each individual mass spectrum was the sum of 50 shots acquired from 
the whole sample by manually rastering the laser spot across the sample surface. Data 
were acquired using the Bruker XACQ version 4.0 software running on a Sun 
(Sunnyvale, CA) Sparcstation 5 workstation. An average of four mass spectra were 
obtained from every sample spot and at every concentration level.  
 
Atomic Force Microscope (AFM) – Chapters 3 and 5 
AFM images were obtained on a Veeco Metrology Inc. (Santa Barbara, CA) 
MultiMode NanoScope IIIa scanning probe microscope SPM. Tapping mode was utilized 
as a nondestructive sample imaging technique at 0.5Hz scan rate. Height and amplitude 
images were obtained with an oscillating frequency of 336Hz, integral gain of 0.3V and 
proportional gain of 0.6V. An antimony (n) doped Si cantilever, model TESP of 312- 347 
kHz frequency purchased from Veeco was utilized for these measurements. The sample 
droplet height h was determined from 17.9 x 17.9 μm AFM images obtained as a 
difference between the highest and the lowest point on the imaged area.  
 
Optical Microscope - Chapters 3 and 5 
Optical microscopy images of the electrospray deposited samples of PEG 4600 
and DHB in THF solutions at various matrix concentration conditions were collected on 
an Olympus BX51/52-P, BX41-P microscope. Samples were prepared on a silicon wafer 
substrate. Images were recorded using an Olympus Ach N 40x/0.65p objective lens and 
10x eyepiece of the optical microscope with a resolution of 1.34µm. Including the 
magnification of the eyepiece the overall magnification obtained was 400x. The images 
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were processed with Synchroniz IR basic 5.0 software (Olympus Soft Imaging Solutions 
GmbH).  
 
3D Laser Scanning Confocal Microscope - Chapter 6  
Image and height information of samples of PEG 4600 with NaTFA as ionization 
reagent and CHCA as matrix electrospray deposited on a standard Bruker 384 spot MTP 
plate were acquired on a Keyence, Inc. (Elmwood Park, NJ) VK-X 200 3D laser scanning 
confocal microscope. Laser light at 408nm wavelength was employed in these 
measurements. The microscope was equipped with 16-bit photomultiplier detection 
system that significantly increases detection dynamic range for the reflected light. Wide 
field-of-view, high-resolution scans were obtained with an image stitching option, which 
automatically put together multiple images collected across the spot.  
 
High Performance Liquid Chromatograph (HPLC) - Chapter 7 
HPLC analysis of the experimental D-50 material was performed on an Agilent, 
Inc.(Wilmington, DE) model 1100 high-performance liquid chromatograph employing an 
Alltech, Inc. (Deerfield, IL) evaporative light scattering detector (ELSD).  A 5 mg/mL 
analyte sample described below was diluted 1:10 in methanol (Aldrich) and 100µL were 
injected.  The sample was analyzed in triplicate.  The D-50 sample was separated on an 
Alltech Platinum EPS C18 column (3µm particle size, 150 mm long x 2.1 mm diameter 
column) run at 40 ºC. A reverse phase water:methanol gradient ran from 65% water to 
5% water.  The ELSD was operated with the impactor on at 40 ºC, and with 1.5 L/min N2 
flow. 
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UV/Visible Absorption Spectrophotometer - Appendix B 
All spectrophotometric measurements were performed on Perkin-Elmer, Inc. 
(Shelton, CT) Lambda-35 UV/Visible Absorption Spectrophotometer controlled by the 
Perkin-Elmer UV WinLab version 5.1.5.0637 software. Absorption scans were taken 
over the 200 nm to 1000 nm wavelength range at a 1 nm slit width and 480 nm/min scan 
speed, and saved at a 1 nm data interval. The wavelength for the quantitative 
measurements was selected at the maximum absorption for each of the matrices. A 
Waters, Inc. (Milford, MA) HPLC column heater (Model # CHM-010030) was used to 
heat up the solutions. Saturated solutions were mixed on a Fisher Vortex Genie 2 (Fisher 
Scientific, Inc.).  
 
SpeedVacTM Concentrator - Appendix B 
A SpeedVacTM Concentrator (Savant Instruments Inc., Farmingdale, NY) was 
used to remove solvent from the solute-solvent mixture for the “SpeedVac method”. A 
Bransonic 1510 ultrasonic cleaner (Branson Ultrasonic Corporation, Danbury, CT) was 
used to help dissolve samples. A water bath was used to provide constant temperature of 
25oC during the solution preparation for SpeedVac method.  
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Materials 
Materials - Chapters 3,4,5, and 6 
Commercial poly(ethylene glycol) (PEG4600, CAS: 25322-68-3, Lot #16009BS) 
with an average molecular weight of 4600, 2,5-dihydroxybenzoic acid (DHB) (CAS: 
490-79-9, Lot #  05631MY) matrix, sodium trifluoroacetate (NaTFA) (CAS: 2923-18-4, 
Lot # 04312BF) (used as the ionization reagent) were purchased from Aldrich Chemical 
Company (Milwaukee, WI). Inhibitor free tetrahydrofuran (THF) (CAS: 109-99-9, Lot # 
83796JM) was also purchased from Aldrich. PEG4600 was used to calibrate the mass 
spectrometer. The DHB was re-crystallized prior to use from water purified using a 
Barnstead E-Pure system. The content of sodium in the matrix was measured by flame 
atomic absorption spectroscopy using a Varian, Inc. (Melbourne, Australia) AA240FS 
Fast Sequential Atomic Absorption Spectrometer running Varian SpectraAA Pro version 
5.01 software. The absorption measurements were made at 0.2 nm slit width and 589.0 
nm wavelength in an air/acetylene flame  
 
Materials - Chapter 7 
Five commercial PEG polymers with average molar masses of 400, 1000, 1500, 
2000, and 3500 Da, obtained from Aldrich Chemical Company (Milwaukee, WI) were 
used as standards for the standard addition curves.  Ethoxylated surfactants were obtained 
from several different sources. The Igepal Co890, Brij 98, and poly(ethylene glycol) 
methylether 2000 (denoted PEG-OMe (A), were from Aldrich. Ethoxylated octadecanol 
and Triton X305 were purchased from BASF Corporation (Monaca, PA). Brij 35 was 
purchased from Pierce Chemical Company (Rockford, IL, now a part of Thermo Fisher).  
A second poly(ethylene glycol) monomethylether 2000 sample, denoted PEG-OMe (PS), 
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was purchased from Polymer Source Inc. (Dorval, Montreal, Canada). An experimental 
ethoxylated surfactant denoted D-50 was supplied by Air Products and Chemicals, Inc. 
(Allentown, PA).  
Three MALDI matrices were used in these experiments: 2,5-dihydroxybenzoic 
acid (DHB), α-cyano-4-hydroxycinnamic acid (CHCA), and trans-3-indoleacrylic acid 
(IAA).  All were purchased from Aldrich. The DHB was re-crystallized from water 
purified using a Barnstead E-Pure system before use. Sodium trifluoroacetate (NaTFA) 
from Aldrich was used as the cationization reagent. All polymers, matrices, and 
cationization reagent were dissolved in tetrahydrofuran (THF) purchased from Aldrich.  
 
Materials - Appendix B 
2,5-Dihydroxybenzoic acid (DHB) (Lot # 05631MY) purchased from Aldrich 
Chemical Company (Milwaukee, WI) was re-crystallized from DI water before use. The 
recystallized DHB contained 4 ppm of sodium as measured using flame atomic 
absorption spectroscopy. Alpha-cyano-4-hydroxycinnamic acid (CHCA) (Lot # 09513 
CO) and sodium trifluoroacetate (NaTFA) (Lot # 04312BF) were purchased from Aldrich 
Chemical Company (Milwaukee, WI). Commercial poly(ethylene glycol) (PEG4600, Lot 
#16009BS) with an average molecular weight of 4600 was purchased from Aldrich. 
Inhibitor free tetrahydrofuran (THF) (Lot # 83796JM), acetone (Lot# MKBB7515), 
methanol (Lot# 11196CM) and chloroform (Lot # 64796BM) were also purchased from 
Aldrich. Fresh THF was used to avoid peroxides and their possible oxidative effect on 
compounds in the sample mixture. Ethanol (Lot# CD4215) was purchased from 
Pharmco-AAPER Product Inc. (Shelbyville, KY). Acetonitrile (Lot# 965955) was 
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purchased from Fisher Scientific (Fair Lawn, NJ). DI water was obtained from a 
Barnstead E-Pure system. 
 
Data Analysis 
 
FlexControl and FlexAnalysis - Chapters 3, 4, 5 and 6 
Internal mass calibration on the Bruker UltraFlex MALDI TOF/TOF was 
performed using FlexControl series 1.3 version 3.3 (build 108) software. Mass calibration 
on the Bruker AutoFlex MALDI TOF was performed using flexControl version 3.0 
(Build 183) flex-series 1.2 SP 1 Patch 3. A series of mass spectra of sodium-adducted 
PEGs were recorded. Eight singly charged oligomers were chosen as the calibration 
peaks and their masses were assigned. Initial data processing and recalibration were 
performed with FlexAnalysis v3.0.92.0 for flex-series 1.2 ServicePack 1. 
 
Optical Microspcopy Synchroniz IR basic 5.0 software - Chapters 3 and 5  
Optical images were used to measure the surface coverage. Picture brightness was 
set to 0.77, color value to (-62) and contrast to 252. Other remaining parameters were set 
to zero. Raw pictures were used for phase analysis. No additional changes, such as 
picture sharpening, were performed on the pictures since such treatment would modify 
the coverage calculations. Color threshold assignment was done in Red Green Blue 
(RGB) scale only with lower ranges set to zero and upper ranges set to 110 for red, 150 
for green and 130 for blue. HSI values were kept at zero. Next, color separation based on 
saturation was executed to transform the pictures into gray-scale images. The particles 
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became white and the background became completely black. The number of pixels 
corresponding to the matrix droplets at the surface (white color) was automatically 
calculated as the percent coverage of the total area. To obtain statistically representative 
results, on average five images were acquired at the central position of each sample spot.  
During vacuum stability studies the first set of images was acquired at time zero, 
before the samples were placed in the vacuum of the mass spectrometer. Subsequent 
images were collected in 30-minute intervals after 30, 60 and 90 minutes of vacuum 
exposure. 
 
AFM Nanoscope Control V6.13rR1(R) software - Chapters 3 and 5 
AFM images were saved in JPEG format and then processed with Nanoscope 
Control V6.13rR1(R) software. The height of the scratched layers was calculated using 
Section tool in the Analyze window. 
 
Polymerix - Chapters 3, 4, 5, and 6  
Mass spectral data processing was performed using Sierra Analytics, LLC 
(Modesto, CA) Polymerix version 2.0 (9-29-10) software. The software settings were 
kept constant for all processing performed on different samples. The data were processed 
in the continuum raw spectrum format. The TOF mode was chosen for the peak detection 
with resolution of 1 Da width at m/z 1000 Da. Since the isotope peaks of the analyzed 
polymer spectra were clear, the processing was performed with the monoisotopic mass 
mode on. The homopolymer analysis was performed in the positive charge state with a 
subtraction of the sodium adduct. 
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ImageJ version 1.44p Software - Chapters 3 and 5 
The morphology of the particles deposited on the surface was investigated using 
optical microscopy. Micrographs obtained with the optical microscope (190 x 165 µm 
field of view) were saved in JPEG format and then processed with ImageJ version 1.44p 
software, available at http://rsb.info.nih.gov/ij. The size distribution of the features on the 
silicon wafer was calculated using the Particle Counting and Analysis tool. It was done 
by opening the image via selecting FileÆ Open Æ Raw Picture. The raw picture was 
then converted into a binary image by Process Æ Binary Æ Make Binary conversion 
procedure. The picture acquired with the optical microscope that had been saved with a 
burned scale was selected to calibrate ImageJ scale. The distance representing 20µm was 
outlined in ImageJ and the size in pixels was calibrated to µm by Analyze Æ Set Scale 
protocol. The distance of 134 pixels corresponded to 20µm. 
 
Polymerix version 2.0 software – Chapter 7 
Mass spectral data processing was performed using Polymerix version 2.0 from 
Sierra Analytics, LLC (Modesto, CA).  The total peak area of all oligomers of the PEG 
contaminant signal, i.e., the sum of PEG peak areas (APEG), was normalized to the total 
peak area of all oligomers of the analyte internal standard (A IS.).  The concentration of 
residual PEG in the unknown is conceptually determined in the normal standard additions 
fashion by extending the curve fitted to the plot of peak area ratio (APEG/AIS) versus wt % 
PEG added to its intersection with the x-axis; practically, the values are calculated by 
dividing the value of the y-intercept by the slope of the fitted regression equation.  The 
relative standard deviation (RSD) of peak area ratios determined from replicate mass 
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spectral measurements was calculated to compare the reproducibility of analyte and 
internal standard ion yields.   
 
MAPLE model - Chapter 4 
An optimization program to calculate binding constants written by Dr. Carey 
Rosenthal was used in this work. The program was written in MAPLE 13. Additional 
detailed information is provided directly in chapter 4.  
 
Statistical Analyses - Chapters 3, 4, 5 and 7 
All statistical data analysis was carried out using Microsoft Excel 2003. The error 
bars in all plots of represent 95% confidence intervals, unless otherwise specified directly 
in the figure caption. 
 
PerkinElmer UV WinLab 5.1.5.0637 software - Appendix B 
UV/visible absorption spectra were acquired using the PerkinElmer, Inc. UV 
WinLab version 5.1.5.0637 software. The absorption scan was performed from 200 nm to 
1000 nm wavelength using a 1 nm slit width and 480 nm/min scan speed, and 1 nm data 
interval. Wavelength for the quantitative measurements was selected at the maximum 
absorption for each of the matrices. 
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Sample Deposition Methods 
Dry Drop Method 
The dried-droplet technique was used to prepare samples for the standard addition 
measurements as described in Chapter 7. It involved dissolving the matrix, analyte and 
cationization reagent in a solvent of choice. 0.5 μL of such solution mixture were then 
applied with an Eppendorf pipette onto a Bruker Scout 26 probe. The droplet was 
allowed to dry before the sample was placed in the mass spectrometer. A common 
problem in the dried-droplet technique is the aggregation of higher amounts of 
analyte/matrix crystals in a ring around the edge of the drop. Electrospray deposition was 
used as an alternative method to produce more homogeneous spots. 
 
Electrospray Deposition Method 
A schematic of the custom-built electrospray deposition (ESD) apparatus1 used in 
the this work is presented in Figure 2.1.  The apparatus consists of a Harvard Apparatus 
Inc. (Holliston, MA) model 22 infusion pump and a custom-built high voltage power 
supply (based on a Bertan, Inc. (Hauppauge, NY) model PMT-75CP-3 0 250 µA 
precision PMT power supply module, output voltage 0–7.5 kV). The electrospray (ES) 
needle is a 100 mm length of 1.6 mm o.d. x 0.25 mm i.d. stainless steel (SS) HPLC 
tubing (Alltech, Inc., Deerfield, IL) mounted in a Delrin holder. A 1000 µL gas-tight 
syringe (Hamilton, Inc., Reno, NV) mounted in the infusion pump is connected to the ES 
needle by a 0.5 m length of 0.125 mm i.d. teflon tubing using a Hamilton three port 90º 
flow path manual valve (Hamilton Company, Reno, NV). The sample flow rate is set to 
5µL per minute while a potential of approximately 5.3 to 5.8 kV is applied to the needle. 
The sample target is held at ground at a distance of 2 cm away. 
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Figure 2.1.  A schematic diagram of a conventional single-needle electrospray deposition 
apparatus. 
 
 
Sample Preparation Details 
 
Sample preparation - Chapter 3 
AC sample preparation (for M/A Plots performed on the UltraFlex): 
The matrix stock solution was prepared by dissolving the solid matrix material in 
THF to a concentration of 0.26 M.  A solution of the cationization agent (also termed the 
salt) was prepared by dissolving NaTFA in THF to a final concentration of 26 mM.  PEG 
solutions were made by dissolving 6 mg of polymer in 1 mL of THF . Final sample 
solutions were prepared by taking 13 µL of polymer solution, 13.5 µL of salt solution and 
increasing volumes of the DHB solution. The samples were filled up with THF to the 
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same 1200 µL volume. 2.5*10-5M was the final concentration of PEG in all of the 
solutions. The salt-to-analyte (S/A) ratio was kept at a constant value of 2:1. The detailed 
sample preparation procedure is provided in Table 2.1.  
 
Table 2.1. Detailed sample preparation information. Constant amounts of analyte (13µL 
of polymer solution) and salt (13.5µL of salt solution) were used. 
 
μmole DHB μl DHB Matrix-to-analyte mole ratio M/A 
12.0 45.0 706 
18.0 67.4 1059 
35.0 131.1 2059 
52.0 194.8 3059 
68.0 254.7 4000 
85.0 318.4 5000 
102.0 382.1 6000 
136.0 509.5 8000 
170.0 636.8 10000 
240.0 899.1 14118 
 
 
MC Sample Preparation (for M/A Plots performed on the UltraFlex): 
The matrix stock solution was prepared by dissolving the solid matrix material in 
THF to a concentration of 0.26 M.  A solution of the cationization agent  was prepared by 
dissolving NaTFA in THF to a final concentration of 26 mM. PEG solutions were made 
by dissolving 5-6 mg of polymer in 1 mL of THF. Final sample solutions were prepared 
by taking increasing volumes of polymer solution and increasing volumes of salt solution 
to keep the S/A at 2:1. The range of polymer concentrations varied from 3.0*10-4 M for 
M/A=200 to 3.0*10-6 M for M/A=18,000. Constant volumes of 215 µL of DHB solution 
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were added to each sample solution. The samples were filled up with THF to the same 
1000 µL total volume to obtain final matrix concentration of 0.06M. 
 
Sample Preparation for S/A Measurements Performed on the Reflex III: 
The matrix stock solution was prepared by dissolving the solid matrix material in 
THF to a concentration of 0.26-0.31 M (depending on type of matrix used).  A solution of 
the cationization agent was prepared by dissolving NaTFA in THF to a final 
concentration of 26 mM.  PEG solutions were made by dissolving 5mg of polymer in 1 
mL of THF. Final sample solutions were prepared by keeping constant volumes of 
polymer solution (4 µL). A constant volume of matrix was added to each sample vial. 
Unless otherwise stated all samples were prepared at M/A=2000. Increasing volumes of 
salt solution (0-30 µL) were added to perform the S/A titration. The samples contained 
various final matrix concentration (in the range from 0.23 to 0.29M) and polymer 
concentrations, as the final total volumes varied. 
 
Sample Preparation for S/A Measurements Performed on the AutoFlex: 
The matrix stock olution was prepared by dissolving the solid matrix material in 
THF to a concentration of 0.25 M.  A solution of the cationization agent was prepared by 
dissolving NaTFA in THF to a final concentration of 28 mM.  PEG solutions were made 
by dissolving 5-6 mg of polymer in 1 mL of THF. The final sample solutions were 
prepared by keeping constant volumes of polymer solution (53 µL) to obtain a constant 
final concentration of 5*10-5M. Constant volumes of matrix were added to obtain 0.1M 
final matrix concentration in every solution. The samples were prepared at a constant 
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M/A of 2000. Increasing volumes of salt solution were added. The samples were filled up 
with THF to the same 1200 µL volume. 
 
All sample solutions were prepared in Fisherbrand, class A clear borosilicate glass 
vials (GPI 8-425 thread; 1/2 dram (1.8mL) capacity; 12 x 35mm) purchased from Fisher 
Scientific (Pittsburgh, PA). Borosilicate glass vials were used to minimize the amount of 
sodium leached from the sample containers. Individual solutions were vortexed to 
guarantee a complete dissolution of solid material. Stock solutions were refrigerated at 
5oC for storage. Solutions for the analysis were prepared shortly before use.  
 
Sample Deposition - Chapter 3 
Samples for MALDI analysis were deposited onto the standard Bruker stainless 
steel sample plates. Samples for AFM and optical measurements were deposited on 
silicon wafers. All samples were deposited via the electrospray deposition method. The 
specific electrospray deposition parameters were as follows: the distance from the needle 
to the sample plate was set to 2 cm, the potential applied to the stainless steel needle was 
approximately 5.7kV, and the flow rate was set to 5 μL/min. Spray time was varied to 
obtain different sample thicknesses.  
 
Sample Deposition - Chapter 4 
The ESD parameters that were established for the following work were based on 
the previous results obtained in by Erb3. The flow rate was set and kept constant at 5 
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μl/min and the spray time was 5 seconds (for experiments performed on Reflex III) and 2 
minutes (for the S/A experiments performed on the AutoFlex). The distance between the 
end of the steel capillary tip and the surface of the sample holder was set at 2 cm. A 
positive DC voltage applied to the ES needle was varied between 5.5-6.4kV.  
 
 
Preparation of Samples for AFM measurement - Chapter 5 
Single droplet characterization using the AFM technique, when the sample has to 
be removed from the stage of the AFM instrument and placed on the probe again with the 
goal to image exactly the same area, is not an easy task. The sample was electrospray 
deposited on a silicon wafer. A metal grid with 500 µm line spacing was attached to the 
top surface of the wafer. The grid was attached by gently taping the sides of it to the 
silicon wafer target. First, micrographs at 100x and 400x magnification were collected 
with the optical microscope to better describe the specific grid location. Then, a section 
between known lines was selected for AFM imaging. A set of AFM pictures of 17.6 x 
17.6 20 µm2 was acquired from a chosen area before the sample was placed in the 
vacuum of mass spectrometer. Another set of AFM pictures was recorded on exactly the 
same spots after the sample was exposed to vacuum for 40 minutes. The images of the 
same droplet before and after vacuum exposure allowed the sample size comparison to be 
made.  
 
Sample Preparation - Chapter 7  
Working solutions of the matrix were prepared by dissolving the solid matrix 
material in THF to a concentration of 0.25M.  A working solution of the cationization 
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agent was prepared by dissolving NaTFA in THF to a final concentration of 2.5mM.  
PEG standards were made by dissolving the polymer in THF to obtain 0.1 mg/mL 
working solutions. Ethoxylated surfactant analyte solutions were all made to a 
concentration of 5 mg/mL of the polymer in THF. Samples for MALDI analysis were 
prepared by mixing the chosen surfactant analyte, PEG standard, MALDI matrix and 
NaTFA salt solutions at a selected matrix-to-analyte (M/A) and salt-to-analyte (S/A) 
ratio.  Table 2.2. shows the detailed sample preparation scheme for a single standard 
addition experiment.  For these experiments the M/A ratio was chosen to range from 
2000 to 3000.  The S/A ratio was kept at a constant value of 2:1.4  
 
Table 2.2. Detailed sample preparation protocol for a typical standard addition study.  
5 µL (0.016425 µmole) of the surfactant analyte working solution is added to 115.5µL 
(49.28 µmole) of the DHB matrix working solution in each sample. The volume of the 
NaTFA working solution added to each to sample is varied to yield a constant S/A ratio 
of 2:1. The weight percent (wt %) value for the added PEG standard is calculated from 
the mole % value assuming the average MW value given by the manufacturer. 
 
The sample solutions were deposited on the MALDI target plate either using the 
dry drop method or the electrospray deposition method. For the dry drop method, 0.5μL 
aliquots were deposited on the sample plate and allowed to dry under ambient conditions.  
Sample 
Number 
mol% PEG 
(standard 
added), 
Mn 1500 
μmole 
PEG 
μl 
PEG 
μmole 
NaTFA 
(ionization 
agent) 
μL 
NaTFA M/A wt% 
1 0 0 0 0.03285 12.36 3000 0 
2 1 0.0002 0.78 0.03318 12.48 2970 0.75 
3 3 0.0005 2.35 0.03384 12.73 2912 2.27 
4 5 0.0008 3.92 0.03449 12.98 2857 3.80 
5 10 0.0016 7.83 0.03614 13.60 2727 7.69 
6 25 0.0041 19.6 0.04106 15.45 2400 20.00 
7 50 0.0082 39.2 0.04928 18.54 2000 42.86 
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For electrospray deposition we followed the protocol developed by Erb and co-workers2 : 
the distance from the needle to the sample plate was set to 2 cm, the potential applied to 
the stainless steel needle was approximately 5.8kV, the flow rate was set to 5 μL/min and 
the spray time was 5 seconds.  
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CHAPTER 3: SAMPLE MORPHOLOGY CHARACTERIZATION 
 
Introduction 
 
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry is a  
well-established technique used for the qualitative analysis of large biomolecules and 
synthetic polymers. Since the introduction of MALDI in the 1980s1,2, the development of 
different sample preparation protocols has been critical to the success of the MALDI 
experiment. 
The most common sample deposition technique utilized in MALDI is the dry drop 
method3-4. Both the modified aerospray5 and electrospray deposition (ESD)6 methods are 
used in our group. Other matrix deposition methods such as sublimation7, pneumatic 
spraying8, oscillating capillary nebulizer (OCN)9, and inkjet printing10, have also been 
developed and are described by other groups. 
In the conventional dry drop11 method a small volume of the sample solution is 
applied with a pipette onto a sample target. The technique is simple and generally used in 
initial experiments for fast screening. The major disadvantage of the method, however, is 
slow sample drying, which allows for the segregation of the individual sample 
components upon drying. Large matrix crystals are generally formed, and they usually 
affect the analyte signal reproducibility. To use MALDI as a method for quantitative 
analysis, use of a deposition technique that produces samples of higher homogeneity is 
necessary.  
Electrospray deposition12 has been shown to produce highly reproducible 
samples13,14,15 for analysis via MALDI. ESD was used for the production of microarrays 
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of protein and DNA films as reported by Morozov and Morozova16. Rezvanpour and 
Wang15 described the use of ESD for the production of biodegradable films with 
controllable thickness and for the generation of micropatterns of pharmaceutical 
compounds. The preparation of samples for synthetic polymer analysis by MALDI was 
investigated by Erb et al17. Although frequently used for sample preparation, the ESD 
process is not completely understood.  
MALDI is also rapidly developing into an important molecular imaging tool for 
measurement of the spatial distribution and of the physical and chemical interactions of 
various analytes on complex surfaces. In addition to information about distribution and 
visualization within the mapped target, mass spectrometry imaging (MSI) provides 
information on masses of the individual compounds present18.  
The two major requirements for the MSI technique to provide reliable data are 
careful sample preparation and adequate matrix deposition. Since imaging is deemed a 
semi-quantitative method, a successful analysis greatly depends on the choice of matrix, 
sample composition (solvent used, ionization reagent or other additives added), sample 
morphology19 (particle size, homogeneity, surface coverage and material thickness) and 
deposition technique20.  
MALDI MSI can be used to provide a snapshot of the molecular distribution of 
species within a cell or tissue. It can combine the identification of molecules present with 
their visualization within the analyzed target. MALDI- MSI has been successfully used 
for the direct mapping of drug and its metabolites in target organs21. The technique seems 
to have a high potential to become a standard technology in the pharmaceutical22 and 
clinical analysis industries. Since the most important step in the imaging process is to 
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obtain highly localized information about analyte distribution, a significant amount of 
attention is being put into producing a homogeneous matrix coating over the tissue 
surface. ESD has been reported as a successful matrix application technique for samples 
prepared for imaging23. The extent of extraction of the desired analytes into the deposited 
matrix layer and the reproducibility of the analysis depend on the quality of the 
electrospray deposition, particularly the “wetness” of the droplets reaching the surface.  
This chapter will focus on three major areas that will contribute to an improved 
understanding of the morphology of electrospray deposited samples. These areas are 
surface characterization, and the measurements of sample coverage and sample thickness.  
 
Surface Characterization 
The morphology of ESD samples has been characterized by Morozov and  
Morozova 16. They reported that depending on the type of solvent used, the distance 
between the spray tip and the substrate, and environmental conditions such as humidity, 
either wet or dry sample sprays can be obtained. The importance of both sample wetness 
and the morphology of the sprayed deposit is crucial in the bioanalytical field. While the 
results presented in this work were not used for enzymatic activity measurements, it has 
been found that ESD conditions may dramatically influence the catalytic activity of 
proteins or DNA in the sample deposit. It was reported that by changing the ESD 
conditions one can affect the structure and therefore preserve specific functions of these 
biomolecules. Folded proteins were obtained in the drier ESD samples, whereas open 
DNA strands were obtained in the wetter ESD deposits16.  
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Sample Surface Coverage 
The measurement of surface coverage is an important parameter for the 
development and optimization of ESD for the production of samples for MALDI MSI. It 
is known that imaging by MALDI provides rather coarse spatial resolution that may be 
disadvantageous when features in the single digit nanometer sizes (i.e., the size of a 
single protein molecule) are investigated.  Up until now, it has been the size of the laser 
spot (25- 200μm) that determined the maximum lateral resolution of the technique. Such 
resolution provides capabilities for molecular tissue imaging but individual cells (animal 
cells are approximately 5-50μm in size) cannot be easily imaged22. With advances in 
instrumentation it is the size of the deposited matrix droplets that limits the spatial 
resolution rather than the laser size itself. Therefore, sample preparation is a crucial 
parameter that requires better understanding. 
As described in Chapter 2, during the electrospray deposition process droplets 
are ejected from the tip of the Taylor cone. These droplets travel from the spray needle to 
the surface of the sample target. A sample spot of a specific diameter is created 
underneath the spray needle. The diameter of the spot is dependent on the electrospray 
parameters as well as the solution characteristics24. The size of the solid particles 
deposited within the sample spot vary with the solution saturation/matrix concentration; 
and as a result they affect the surface coverage. It is observed that the sample droplets 
that are deposited first cover the surface and then grow layer by layer to create a very 
rough sponge-like deposit of matrix material over the target.  
A quantitative understanding of surface coverage will enable more controlled 
matrix deposition. A detailed characterization of sample coverage would also provide 
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invaluable information allowing for a better explanation of the image resolution, 
analyte distribution, and the quality of the images obtained by MALDI.  
 
Sample Thickness 
The thickness of the matrix layer over the sample target is also important as it can 
alter the mechanical stability, tissue exposure and analyte accessibility for MALDI 
imaging. Sample spots prepared by ESD should therefore be characterized with respect to 
their thickness. As extraction of the analyte into the matrix layer and further analysis may 
also be dependent on the thickness of the applied matrix coating, we found it of interest 
to develop a simple method for the thickness measurements using MALDI TOFMS.  
MALDI TOFMS has been used to investigate the effect of sample thickness on 
the MALDI ionization25,26 process, but there is no indication of MALDI being used 
previously for direct sample thickness measurements. The major advantage of the 
technique over the traditional techniques for thickness measurements was found in the 
capability to perform measurements on samples of high molar absorptivity, high surface 
roughness and scattering the light.  
 
Traditional Methods for Measuring Film Thickness 
The measurement of the thickness of homogeneous thin films is important and can 
be easily performed by mechanical stylus profilometry, scanning force microscopy 
(SFM) or optical profilometry (OP). High accuracy is generally achieved by any of these 
methods when they are employed on smooth and highly uniform samples.  
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Stylus profilometry is a contact technique where the surface of the sample to be 
analyzed is in mechanical contact with a diamond tipped stylus27. The fine tip scans 
across the sample and measures the topography of the surface. A major advantage of this 
type of profilometry is its low cost and applicability to all solid films, including those that 
are opaque to light. The biggest disadvantage, however, is that being a contact method, it 
damages the sample under study. Also, as the displacement of the stylus is linearly 
proportional to the height of the surface, measurements of soft surfaces, such as the 
MALDI matrix surface, may become problematic. Samples with a thickness of  
1.5 mm and vertical resolution of 0.005 µm can be analyzed28. 
Scanning probe microscopy (SPM) is another example of a destructive method for 
thickness estimation29. One of the types of SPM is a very high resolution atomic force 
microscopy (AFM). Using AFM one can measure areas as large as about 100 μm square 
with a lateral resolution of <1 nm and height resolution of <1 Å. AFM can be used in a 
tapping mode, where the probe tip mounted on a cantilever spring scans the surface of the 
sample in a non-destructive manner30. Determination of thickness by AFM, however, 
requires preparation of sample films with distinct sharp steps made by scratching the 
sample to expose the substrate beneath it. The scratched sample layers created for the 
step-edge measurements themselves can no longer be used29. Also, the measured 
thickness at the step-edge may not be representative of the real thickness of the sample, 
as there usually exists a transitional zone with either thicker or thinner edge around the 
scratch created by the accumulation of moved material.31 
The use of optical profilometry32 (OP) as a quantitative method has the advantage 
of being both non-destructive and rapid. OP is based on the principle of interferometry, 
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where light coming out of the light source is split into two beams by a beam splitter. 
One beam is reflected off of the sample surface, and the other beam is reflected from the 
surface of a reference mirror; the two beams are then recombined and they create light 
and dark bands of an interferogram. Software is used to analyze the interference peaks, 
and using index of refraction of the material calculates the material thickness. Thickness 
in the range up to 20 mm can be obtained, with a vertical resolution of a few 
nanometers.28 
Spectral reflectance (SR) is another simple and relatively inexpensive optical non-
contact technique33. SR measures the amount of light reflected from a sample surface 
when the light is incident normally (i.e., perpendicular) to that surface. The total amount 
of reflected light is the sum of two reflections, coming from two interfaces; the first 
between air and the sample, and the second between the sample and sample substrate. 
Reflectance is recorded over a range of wavelengths. Alternating reinforcement and 
cancellation of the beam make up the interferogram, which is composed of so called 
“fringes”. The spectral periodicity of the reflectance is determined by the thickness of the 
material; more oscillations are observed over a given range of wavelengths for thick 
samples than for thinner films. Problems may occur when the thickness of a sample with 
multiple interfaces is measured (i.e., a. sample composed of multiple layers) or when 
samples of rough surface morphology are studied. 
 
Subjects Covered in this Chapter 
The major goal of these sample preparation and characterization studies is to 
improve the reproducibility of the analyte MALDI signal (represented as the percent 
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coefficient of variation, %CV). It is desired to obtain the lowest values of %CV for 
both within-sample and between-sample measurements. A guiding principle is that the 
physical sample morphology, as well as the chemical distribution of the sample 
components within the solid samples on the surface, will all affect the observed MALDI 
reproducibility. 
The work presented in this chapter will focus on sample characterization. The first 
part will discuss surface characterization. Optical microscopy measurements are used to 
better describe the size of the electrospray deposited particles on the sample surface. 
Samples prepared at different levels of matrix saturation were studied using atomic force 
microscopy (AFM) to both measure particle size and characterize sample roughness. The 
second part of the chapter focuses on surface coverage. Sample coverage and sample 
profiles of ESD deposited samples were examined using both optical microscopy and 
MALDI. The third part of this chapter concerns the measurement of sample thickness. 
MALDI was used to characterize both spot thickness and acquire profiles across the 
sample spot. Solubility measurements were also made to learn about matrix saturation 
levels. Detailed information regarding experimental conditions and solubility of DHB 
and CHCA matrices in a set of organic solvents results is provided in Appendix B. 
 
Preliminary Measurements 
Optical Microscopy Processing Method Development 
In order to use the optical microscope images to estimate surface coverage, a 
methodology needed to be developed using the Synchroniz IR basic 5.0 (Olympus Soft 
Imaging Solutions GmbH) processing software. To evaluate the area covered by the 
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sample the Phase Analysis tool from the Measure dialog box was utilized. Phase 
Analysis allows for the quantitative analysis of the area as it determines the percent 
surface area of a specific material on a background – in this case of the matrix droplets on 
the background silicon wafer. Phase Analysis calculates the absolute areas of the color-
value phase and provides the results in the units of pixel^2, as well as the percent area of 
each phase relative to the total image area, given as area %. The Phase Analysis tool 
estimates area fractions according to the threshold ranges selected by the analyst.  
To perform coverage analysis all of the images were first converted to binary 
images. In a binary image each pixel can take on only 2 values, either ‘0’ or ‘255’ (i.e., 
black or white).  Based on the threshold settings, each pixel of the original image that 
consisted of a range of gray color intensities and depths was evaluated and assigned to 
either of the 2 values in the binary image. The analyst decides (depending on the intensity 
of the color of the pixels) which features of the picture to include in the black- 
background (that of the silicon wafer)- and which in the white-matrix material covering 
the silicon. This “binarization” was done on the small portion of the full image first, as 
shown in Figure 3.1. Selection of the small area of the full image that contains only a 
few droplets of matrix spotted on the silicon allowed for more accurate estimation of the 
appropriate color threshold settings. Any pixels whose gray values were within the set 
gray value range were considered ‘set’ and appeared as the white ‘foreground’ in the final 
binary image. All remaining pixels - considered ‘not set’ – then appear as the black 
‘background’.  
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a)
 
    
b)
       
c)
 
Figure 3.1. Steps in converting the grayscale image into a binary picture. a) Optical 
micrograph at 1:1 scale. b) part of the full image used to set the color threshold. c) part of 
the full image converted into a binary image. 
 
 
 
 
Selected color thresholds were first applied to all images. Then Color Separation 
based on Saturation was used to transform the pictures into gray-scale images, as shown 
in Figure 3.1. The matrix particles became white and the background completely black. 
The number of pixels corresponding to the matrix droplets at the surface (in white) was 
automatically calculated as the percent coverage of the total area. An assumption was 
made while studying the coverage with optical microscopy that all the matrix particles 
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are non-transparent and they are clearly distinguishable from the silicon substrate 
background.  
This processing procedure was tested using a square image-model synthesized in 
Powerpoint, as shown in Figure 3.2. The area of a square was divided into three parts. 
Different parts were filled with grays of various intensity. Two Powerpoint slides were 
covered with gray covering exactly 75% and 50% of the entire image. Phase Analysis 
was performed and the measured coverage calculated. The calculated % area coverage 
was 75.7% and 50.7%, respectively, agreeing well with expectations. 
 
a
  
b
    
c
  
d
 
Figure 3.2. Phase analysis test performed on a grayscale image created in Powerpoint.  
a) and c) are the raw images, b) and d) are the corresponding binary images.  
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Next, the procedure was tested with real samples. Samples that were 
completely covered with matrix material and covered with approximately 50% of the area 
were used. The full coverage samples were prepared by ESD on the silicon substrate with 
a PEG 4600 sample with NaTFA (S/A = 2) prepared in 0.070M DHB (2.3% saturation) at 
5000 M/A ratio and sprayed for 120 seconds. Matrix was then purposely removed using a 
flat-tipped metal spatula wrapped with a dry Kimwipe tissue from some parts of the 
substrate surface. The soft end of the spatula pressed against the surface of the silicon 
created a straight edge along the sample. The calculated area coverage for the two 
samples shown in Figure 3.3 was found to be 100% and 46.7%. 
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Figure 3.3. Optical images of a PEG 4600 sample with NaTFA (S/A = 2) and 0.070M 
DHB (M/A = 5000, 2.3% saturation) at 120 seconds spray time: a) raw image of 
completely covered sample; c) raw image with sample partially removed from the silicon 
wafer; b) and d) images a and c converted into binary format.  
 
 
 
Effect of Light Intensity on the Processing Parameters 
 
Collection of the optical images can be performed at microscope lamp intensity 
settings that range from 1 to 12. Depending on the light intensity, one can acquire images 
that are of different brightness and therefore display various levels of sample detail and 
noise. A series of images were captured at one position on the sample at six different 
intensities, as shown in Figure 3.4 (a-f).  The amount of light coming from each image 
region is important for the selection of threshold values and processing parameters. This 
is especially important when analyzing sets of images that may be collected during 
different days.  
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b
 
 
c
      
d
 
 
e
      
f
 
Figure 3.4. PEG 4600 sample prepared in 0.070M DHB (2.3% saturation) at 5000 M/A 
ratio and sprayed for 5 seconds. This set of images was taken at a single sample position. 
at different light intensity settings: a - intensity 6, b - intensity 8, c - intensity 9, d - 
intensity 10, e - intensity 11, f - intensity 12.  
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To study the effect of light intensity on the selected threshold levels in the 
Phase Analysis processing procedure, three images taken at an intensity of 6, 10 and 12 
are displayed in Figure 3.6. The optimum color threshold values were first set for the 
image taken at a light intensity of 10. These threshold values were then applied to all 
three micrographs. Matrix droplets turned into white spots and the silicon background 
became black after the raw image was converted into a binary picture. The image 
collected at the light intensity of 6 was the darkest. All of its gray pixels fell in the ‘set’ 
range and appeared as a nearly completely white-foreground. The image collected at the 
light intensity of 12 was the lightest and all of its gray pixels fell in the ‘not set’ range. 
When the picture was converted into the binary image all of the pixels were below the set 
threshold value and therefore all the pixels appeared as the black background. Both of 
these extremes were obviously undesirable. Therefore, to quantitatively compare results 
for the coverage analysis the data were collected on the same day. In case there were any 
deviations from the previously acquired images (e.g., in light intensity) then new 
threshold levels were estimated and assigned for the specifically collected sets of images.  
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Figure 3.6.  Raw images of a single sample position (upper row) collected at light 
intensity settings of a - 6, b -10 and c -12. The corresponding binary images are shown as 
d-f, in the bottom row. Optimum color threshold values were set for the picture at the 
light intensity of 10, image b.  
 
 
Importance of Mass Spectrometer Optimization 
 
Before collecting data, the TOFMS voltages must first be optimized to find the 
conditions that generate a mass spectrum with well-resolved isotope peaks. Note that the 
peaks in the isotope clusters are only partially resolved (as shown in the expansion in 
Figure 3.7).  Considering the fact that the data were collected in reflectron mode on a 
Bruker UltraFlex mass spectrometer with a high resolution capabilities of up to 20,000, 
rather poor resolution of the selected example was obtained. After the voltages are 
adjusted, the laser energy and detector gain were optimized to obtain a mass spectrum 
that would exhibit maximized ion signal intensity for the most abundant oligomer in the 
polymer distribution. As the digitizer in the instrument (an Agilent Acqiris DP240) is 
constructed from an 8-bit flash analog-to-digital (A/D) converter, the maximum signal 
that can be measured is 255 counts per laser shot. For a 5-shot mass spectrum, this 
corresponds to a signal intensity of 1275 (i.e., 5 x 255).  
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Figure 3.7. Mass spectrum of PEG 4600 (M/A = 5000, 0.07M DHB) of 120 seconds 
sprayed sample taken on a Bruker UltraFlex. Sodium trifluoroacetate was used as an 
ionization reagent. Signal is optimized to obtain maximum intensity of 5 laser shots.  
 
 
The signal optimization step is important, as it is expected that larger signals will 
exhibit better signal reproducibility than those close to the threshold. The dependence of 
signal reproducibility on peak height was investigated using an average signal of the 
selected sodium cationized oligomer with a degree of polymerization (DP) of 100, i.e., 
[PEG100-Na+] at 4443.6 Da. Seven mass spectra were collected and used to calculate the 
coefficient of variation (%CV). As shown in Figure 3.8 the signal variability decreases 
with an increase in peak height, and in fact the reproducibity of the spectrum was 
maximized when the maximum oligomer signal neared 1275. The data displayed in 
Figure 3.8 were collected on a Bruker AutoFlex mass spectrometer, however, since both 
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the AutoFlex and UltraFlex instruments are equipped with the same digitizer card, it is 
assumed that the results on both instruments should be the same. 
 
 
17.4
15.4
9.3
4.9 4.1
0
5
10
15
20
0 20 40 60 80 100 120 140
m/z= 4443.62Da Average Peak Height
%
 C
oe
ffi
ci
en
t o
f V
ar
ia
tio
n
 
Figure 3.8. Precision (%CV) of the results improves with increase of average peak height 
(total signal/#shots). As an example the peak at m/z = 4443.62 Da was selected and 
monitored. Seven mass spectra were averaged. 
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Results and Discussion 
Sample Spot Diameter 
Samples can be prepared for quantitative analysis by MALDI in one of two ways. 
The first method involves holding the amount of analyte and salt (cationization reagent) 
constant while changing the amount of matrix in each solution. This is termed the 
“analyte-constant” (AC) method. Note that in the AC method the degree of saturation of 
the matrix in the solution increases with the M/A ratio of the sample. Alternatively, 
samples may also be prepared by holding the amount of matrix constant and changing the 
amount of analyte and salt added to each sample. This is known as the “matrix-constant” 
(MC) method and is generally used for the creation of M/A plots (as will be described in 
Chapter 4). 
Samples of PEG 4600 with added NaTFA (S/A = 2) and DHB as the matrix at a 
concentration ranging from 0.01M to 0.1M in THF solvent were prepared using the AC 
method. First, the diameter of the deposited spot was measured as it was observed that 
the spot size is sensitive to matrix concentration (or more specifically, the degree of 
saturation of the matrix in the solvent). Since the diameter of the spot and sample 
thickness are related, it was important to record all changes obtained in these initial 
experiments to fully understand how they may affect sample coverage and sample 
thickness studied later on. The ESD voltage was set to 5.5kV and kept constant 
throughout the experiment. As shown in Figure 3.9, the sample spots increase in size as 
the concentration of matrix increases.  
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Figure 3.9. Sample spot diameter (in cm) as a function of matrix concentration for 
samples of PEG 4600, NaTFA (S/A = 2) and DHB in THF solvent prepared using the AC 
method. Data points were the result of one measurement. 
 
 
 
 
The size of the MALDI sample spot may be related to the size of the individual 
liquid droplets released from the tip of the electrospray. The size of these droplets was 
measured by many groups and is found to depend on several factors. A brief discussion 
will be based on the theoretical scaling law provided by Ganan-Calvo34: 
 
   
2 11( )
03 62 *3.78*0.6 * *( )
*
d Q
K
ρ επ γ
−=    Equation 3.1 
 
where d, ρ, ε0, Q, γ, and K are the initial electrospray droplet diameter at the tip of the 
needle, density of the solution, electrical permittivity in a vacuum, flow rate, surface 
tension and electrical conductivity of the liquid sample, respectively.  
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As shown in equation 3.1, the density and flow rate are in the numerator, 
therefore increasing solution density or flow rate would increase the size of the sprayed 
droplets. On the other hand, solutions with higher surface tension and conductivity should 
generate droplets of smaller size. One should be careful, though, with theoretical 
estimations using individual parameters because the size of the droplet is a combination 
of several factors. Changes in the solution composition may influence several of the 
factors simultaneously, either canceling out the effect of both of them or amplifying the 
overall change in the size of the droplet. For example, the addition of DHB to the THF 
solvent may increase both surface tension and the solution density. 
Another set of data was collected for samples prepared using the MC sample 
preparation procedure. The same amount of DHB was added to each solution to obtain 
0.1 M concentration. The concentration of analyte in the samples ranged from 0.006 μM 
(M/A 18000) to 0.25 μM (M/A 433). The S/A ratio was kept at 1, meaning that as the 
amount of analyte increased, the amount of salt in solution increased as well. Changes in 
the sample spot diameter are displayed in Figure 3.10. As can be noted, the sample spot 
diameter increases with an increase in analyte and salt concentration.  
 
    
53
DHB
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Analyte and salt concentration [uM]
S
am
pl
e 
sp
ot
 d
ia
m
et
er
 [c
m
]
PEG
PEGOMe
 
Figure 3.10. Sample spot diameter (in cm) as a function of the concentration of analyte 
PEG 4600 (filled triangles) or PEGOMe 4600 (open squares) and NaTFA salt added 
using DHB matrix (0.1M). Data points were the result of one measurement. 
 
 
One explanation of the increase in sample spot diameter might be found in the 
forces acting on a droplet ejected from the electrospray cone. A charged droplet moving 
through the air in the electric field created between the ESD needle and the target is 
exposed to a drag force caused by the resistance of the air, a gravitational force that pulls 
the particle down , an electric field force, and Coulombic electrostatic forces between 
droplets with charges of the same sign that encourage particles dispersion15,24.  Since the 
gravitational force is negligible compared to the electric field forces, its effect on the 
droplet movement can be ignored.24 The Coulombic radial force makes some of the 
droplets move off-axis and land farther away from the center of the spray. Coulomb 
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repulsion between the charged droplets is strongly associated with the presence of 
electrolyte in the solution. As the salt concentration increases and stronger Coulomb 
repulsion between the individual droplets is generated, the radial dispersion between fine 
droplets is expected to occur.  Such dispersion may result in the observed increased 
diameter of the deposited circular spots. The effect of the changes in the spot diameter 
would be mainly attributed to the presence of salt and increases in the conductivity of the 
solution rather than presence of the polymer analyte. Although PEG 4600 is expected to 
act as a surfactant and as such likely decreases surface tension of the sample solution 
(refer to Equation 3.1), it is hard to predict the extent to which it would change the 
solution properties and size of the electrosprayed droplets. However, the presence of PEG 
in the studied solution certainly should not be neglected.  
To investigate the effect of salt concentration on the sample spot diameter, sample 
spots prepared for the salt titration studies described in Chapter 4 were measured. 
Sample solutions were prepared with a constant amount of matrix (0.1 M) and the same 
amount of analyte (0.05 μM) in every sample solution. Salt solution was added in 
increasing amounts. Final solutions contained NaTFA at concentrations ranging from 0 to 
0.5 μM. Sample spot diameter of samples of PEG 4600 or PEGOMe 4600 in CHCA 
matrix were measured and are displayed in Figure 3.11. Similarly, changes in the sample 
spot diameter of samples prepared with PEG 4600 and PEGOMe 4600 in the matrix 
dithranol are displayed in Figure 3.12.  
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Figure 3.11. Sample spot diameter (in cm) as a function of the concentration of NaTFA 
salt added for PEG 4600 (filled triangles) or PEGOMe 4600 (open squares) in CHCA 
matrix (0.1M). Data points were the result of one measurement. 
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Figure 3.12 Sample spot diameter (in cm) as a function of the concentration of NaTFA 
salt added for PEG 4600 (filled triangles) or PEGOMe 4600 (open squares) in dithranol 
matrix (0.1M). Data points were the result of one measurement. 
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As the concentration of NaTFA increases in the solutions, the charge on the 
liquid jet of the spray increases. The accumulation of electric charges on the surface of 
the spray and within individual droplets makes the repulsion forces strong enough that 
they compete with the surface tension of the liquid. Hartman et al35. reported that the 
increase in measured current for the solutions of higher conductivity is related to the 
creation of a much larger number of secondary (50 μm diameter) and satellite (i.e., 
smaller than secondary) droplets. It would not be surprising that the ejected droplets are 
repelled more strongly from highly conductive solutions and that they therefore travel 
farther away from the center of the spray. Also, it should be noted that the size of the 
sample spots obtained at the same ESD settings for the solutions containing PEGOMe are 
larger than the spots of PEG solutions.  
Another explanation for the increasing size of the sample spots may be found in 
Melcher’s35 theory concerning the influence of charge on the jet break-up. When the 
surface charges are high enough to exceed surface tension of the liquid, a transition in the 
spray from whipping filament mode to whipping jet mode35 can occur. Growing kink and 
varicose instabilities may become so strong that due to the spiraling motion of the spray 
(shown in Figure 3.13) secondary and even primary droplets may start to leave the 
straight line path to the surface. Note that the size of a small secondary droplet formed 
during electrospraying of viscous iso-butanol shown in Figure 3.13 is about 50 μm. 
However, the typical size of droplets of solutions with concentrations not exceeding  
10-3M are approximately 3-40 μm in diameter and samples prepared in methanol have 
been reported to be in the range of 1.5 μm6,36. Even though the sizes of the droplets in the 
presented work were not measured directly, it is important to estimate the size of a single 
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droplet since it may affect the size of the sprayed sample spot. According to the 
Coulomb’s repulsion, solutions with higher salt concentrations would undergo more 
fissions and generate a larger number of smaller droplets. Smaller droplets would in turn 
travel farther away from the center of the spot, and larger sample spots would be 
obtained.  Although sample preparation and ESD operating conditions were different 
from those reported for the methanol solutions, it is estimated that the droplets created 
from THF solutions would be in the range of a few micrometers in size.  
 
 
 
Figure 3.13. The transition from varicose break-up to whipping break-up in the 
electrospray. a- jet with varicose instabilities, b- kink instabilities, c- spiraling jet. 
(reprinted from Hartman et al. 35).  
 
An investigation of the effect of spray time on sample spot diameter using PEG 
4600 with NaTFA (S/A = 2) in DHB matrix at 0.1M in THF solvent was also performed. 
The diameter of the resulting sample spots was measured and is shown in Figure 3.14; 
photographs of the sample spots are shown in Figure 3.15. Note that the diameter of the 
sample spots did not change as the time of sample deposition increased. This is an 
important observation that will help explain the measurements of sample coverage and 
thickness described later in this chapter.  
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Figure 3.14. Sample spot diameter (in cm) as a function of spray time (in seconds) for a 
sample of PEG 4600 with NaTFA (S/A = 2) and 0.1M DHB (M/A = 2000) in THF 
solvent. Data points were the result of one measurement. 
 
 
Figure 3.15. Sample spot diameter for the first five samples in figure 3.14 created using a  
sample of PEG 4600 with NaTFA (S/A = 2) and 0.1M DHB (M/A = 2000) in THF 
solvent. 
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Effect of Sample Solution Properties on Sample Morphology 
Characterization of the morphology of the electrospray deposited samples was 
undertaken and described in this section. Both atomic force microscopy and optical 
microscopy were utilized to investigate questions about individual particles and their 
sizes, and how the physical morphology of the samples change with the degree of 
saturation of the matrix solution.  
As the degree of saturation of the matrix in the chosen solvent has an influence on 
the droplet drying process, the residual solid droplets on the sample surface may have 
different morphology. Wet “inkspot-like” sprays might be expected at low matrix 
concentration (i.e., low matrix saturation) where there is not enough time for the solvent 
to completely evaporate on the way from the tip of the needle to the surface of the sample 
plate. Dry sprays, on the other hand, might be a characteristic of solutions with higher 
matrix saturation. Although not studied here, the type of matrix and matrix solubility in a 
given solvent might also result in different sample morphology and different sizes of the 
deposited solid droplets. 
Figure 3.16 displays a typical AFM image of electrospray deposited samples 
obtained at low matrix concentration. These samples of PEG 4600 in DHB matrix at a 
M/A ratio of 700 (0.01 M DHB, 0.32% saturation) produce what look like wet sprays. 
The observed flat and non-uniform shape solid sample deposits suggest that the droplets 
that travel from the electrospray needle reach the silicon surface when they are still wet, 
where they splatter and spread out before drying. Note that the large droplets are of 
various sizes and shapes, and they reach up to 5 μm in length. They are accompanied by 
much smaller size particles that seem to be the result of either splashing of a large wet 
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droplet against the surface of the plate or they may be the result of satellite droplets 
formed from the primary spray droplet undergoing fission shortly after detachment from 
a cone-jet spray. A fairly large number of these small solid droplets in the range of  
300 nm in size are observed in these micrographs. The average height of the droplets was 
obtained from the roughness measurement performed using the Nanoscope Control 
V6.13rR1(R) software on these micrographs. Height information should be used to 
process the data for all the height and lateral information but amplitude is better for the 
visual characterization. The average height was calculated as a vertical distance between 
two points in the image, the highest and the lowest point, and for the sample in  
Figure 3.16d it was found to be a value of 270 nm.  
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a)
     
b)
 
c)
  
d)
 
Figure 3.16. AFM images of a sample of PEG 4600 with NaTFA (S/A = 2) in 0.01 M 
DHB (M/A = 700, 0.32% saturation) produced by a 10 second spray. a) The height plot; 
b) the amplitude plot; c) the 3D plot, d) side profile. 
 
 
 
 
Figure 3.17 displays the AFM image of a sample prepared containing 0.015M 
DHB (M/A = 1000, 0.5% solution saturation). Again, a wet spray is observed at this low 
matrix concentration suggesting that the drying process is not completed during the flight 
time of the particles to the surface. Flattened droplets of about 436 nm in height were 
recorded. 
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b)
 
c)
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Figure 3.17. AFM images of a sample of PEG 4600 with NaTFA (S/A = 2) and 0.015M 
DHB (M/A = 1000, 0.5% saturation) produced by a 10 seconds spray. a) The height plot; 
b) the amplitude plot; c) the 3D plot, d) side profile.  
 
 
Figure 3.18 shows an AFM micrograph of an electrosprayed sample of PEG 4600 
in DHB prepared at M/A of 8000 (0.11M DHB, 3.56% saturation). Note that the 
observed solid particles seem to be of more uniform size and shape than those in  
Figures 3.16 and 3.17. Samples prepared at high matrix saturation contain more matrix 
material in the droplet that is released at the tip of the spray. As the sample travels 
towards the plate the solvent evaporates, leaving a dry matrix droplet behind. The 
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droplets do not deform on impact. Since they are basically dry when they hit the 
surface, they stay compact in the form of rounder particles. In fact, the single droplet 
measures 600-900 nm in length and approximately the same 813 nm in height. Those 
small droplets of matrix/polymer/salt mixtures fall in the range of sizes reported by  
Wetzel et al.37 (2-5 µm). 
 
a)
    
b)
 
c)
     
d)
 
Figure 3.18 . AFM images of a sample of PEG 4600 with NaTFA (S/A = 2) and 0.11M 
DHB (M/A = 8000:1, 3.56% saturation) produced by a 10 seconds spray. a) The height 
plot; b) the amplitude plot; c) the 3D plot, d) side view.  
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The results in Figures 3.16-3.18 clearly show that the solution saturation 
significantly affects the morphology of the deposited samples. Different types of sample 
deposits (i.e., wet versus dry) are obtained at low and high matrix saturations. In general, 
as the solution concentration of matrix increases, the deposited particles on the sample 
surface become drier and more spherical in shapes. This observation agrees with the 
previously reported results by Rietveld et al.38 that the morphology of the sample depends 
significantly on a droplet volume at impact and the solvent evaporation rate.  
 
 
Particle Size Dependence on Matrix Concentration 
The size of the particles deposited while spraying samples of different matrix 
saturation levels was evaluated using samples containing the same amount of PEG 4600 
but increasing amount of matrix. To enable individual particles to be clearly visualized, 
the samples were electrospray deposited for only 5 seconds. Multiple optical micrographs 
of the samples were acquired at the central portion of each sample spot. The change in 
particle sizes can be noted in moving from the lowest 0.015M DHB (0.5% saturation) 
shown in Figure 3.19 a to the highest matrix concentration 0.11M DHB (3.56% 
saturation) shown in Figure 3.19 g. 
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d)
 
e)
 
f)
 
Figure 3.19. Optical micrograph obtained in the center of the spot. Sample coverage of 
PEG 4600 with NaTFA (S/A = 2) electrospray deposited on the silicon wafer for 5 
seconds. Samples were prepared at various M/A: a) M/A =1000 (DHB 0.015M, 0.5% 
saturation), b) M/A = 2000 (0.029M, 0.94% saturation), c) M/A = 3000, (0.043M, 1.39% 
saturation), d) M/A = 4000 (0.057M, 1.84% saturation), e) M/A = 5000, (0.070M, 2.27% 
saturation), f) M/A = 6000, (0.085M, 2.75% saturation), g) M/A = 8000, (DHB 0.11M, 
3.56% saturation) 
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g)
  
Figure 3.19 (continued). Optical micrograph obtained in the center of the spot. Sample 
coverage of PEG 4600 with NaTFA (S/A = 2) electrospray deposited on the silicon wafer 
for 5 seconds. Samples were prepared at various M/A: a) M/A =1000 (DHB 0.015M, 
0.5% saturation), b) M/A = 2000 (0.029M, 0.94% saturation), c) M/A = 3000, (0.043M, 
1.39% saturation), d) M/A = 4000 (0.057M, 1.84% saturation), e) M/A = 5000, (0.070M, 
2.27% saturation), f) M/A = 6000, (0.085M, 2.75% saturation), g) M/A = 8000, (DHB 
0.11M, 3.56% saturation) 
 
 
 
 
The data in Table 3.1 summarizes the effect of increasing concentration of matrix 
on observed average particle size. The deposited particles at higher matrix concentrations 
are larger and contain more material. Since the density of the sprayed solution increases 
with an increase in matrix solution saturation, the size of the droplet released from the 
cone-jet spray increases according to Equation 3.1 given above. The reason for the large 
droplets size obtained from the 0.085M sample solution is likely the effect of the 
processing preformed using ImageJ where the two droplets were merged into one and 
their size calculated as the size of a single droplet.  
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Table 3.1. Particle size summary. Average values based on 5 optical microscopy 
micrographs acquired at 5 different positions in the center of the sample spot. Sample of 
PEG 4600 with NaTFA (S/A = 2) in DHB matrix at various saturation levels. Samples 
electrosprayed for 5 seconds. 
 
M/A 
Concentration 
[M] 
(% saturation) 
Size, 
diameter 
[µm] 
Stdev
[µm] 
Area, 
Pi*r2 
[µm2]
Surface 
Coverage
[%] 
Stdev 
[%] 
Number 
of 
particles 
Stdev
1000 0.015 (0.5%) 1.7 0.2 2.3 14.2 1.3 2525 185 
2000 0.029 (0.94%) 2.1 0.5 3.5 15.2 2.5 2109 208 
3000 0.043 (1.39%) 2.7 0.4 5.7 18.7 1.8 2006 151 
4000 0.057 (1.84%) 3.1 0.2 7.5 21.6 0.7 2026 68 
5000 0.070 (2.27%) 3.8 0.5 11.3 22.9 1.1 1779 179 
6000 0.085 (2.75%) 6.9 0.7 37.4 28.3 1.9 1205 72 
8000 0.11 (3.56%) 7.0 0.7 38.5 28.2 1.5 1184 135 
 
 
 
Figure 3.20 shows the number of particles observed as function of matrix solution 
saturation (as expressed by M/A). The average and standard deviation of the number of 
particles were calculated from 5 micrographs of 165 μm length x 190 μm width area. 
Note that there are fewer particles within the measured region as the concentration of 
matrix in the sample solution increases. Figure 3.21 shows the variation of the average 
particle size as a function of increasing matrix concentration. There appears to be a fairly 
linear relationship maintained between the particle size deposited and the total matrix 
concentration in the solution for the studied concentrations over the range from 0.015M 
to 0.07M. 
 
    
68
0.0E+00
5.0E+02
1.0E+03
1.5E+03
2.0E+03
2.5E+03
3.0E+03
0 2000 4000 6000 8000
Matrix-to-analyte mole ratio [M/A]
N
um
be
r o
f p
ar
tic
le
s
# of particles
 
Figure 3.20. Average number of particles vs M/A. Sample of PEG 4600 with NaTFA 
(S/A = 2) and DHB at various saturation levels. Samples were electrosprayed for 5 
seconds. Data from 7 optical micrographs were averaged. Error bars represent 95% 
confidence intervals. 
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Figure 3.21 Average size of the particle increase as function of increased matrix 
concentration in solution. Sample of PEG 4600 with NaTFA (S/A = 2) and DHB at 
various saturation levels. Samples were electrosprayed for 5 seconds. Data from 7 optical 
micrographs were averaged. Error bars represent 95% confidence intervals. 
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Particle Size Dependence on Salt Concentration 
These optical microscopy experiments also demonstrate a particle size 
dependence on the salt concentration. Samples of PEG 4600 in CHCA matrix at  
M/A= 2000 (16% saturation) with varying amounts of NaTFA added (to obtain S/A of 0, 
2 and 6) were prepared and electrospray deposited. The change in the CHCA sample 
particle size shown in the micrographs in Figure 3.22 is interesting as it shows that the 
particles decrease in size with an increase in salt concentration. Although the 
conductivity of the solutions was not measured, it is expected that it will increase linearly 
with respect to the square root of concentration of the amount of salt added. Increasing 
electrical conductivity has been shown to decrease size of a droplet during electrospray 
ionization35,40, again according to the suggested theoretical scaling law described 
previously in Equation 3.1. 
With the addition of salt to the sample solution it would be expected to generate 
higher current through the cone of the spray. Since the samples contain a constant amount 
of matrix and polymer, the amount of salt will be the only factor affecting droplet size. 
As the current increases and the repulsive forces increase as compared to surface tension 
forces, it is expected that more secondary and satellite droplets (smaller in size) are 
created during the electrospray process35.  Cloupeau and Prunet-Foch observed that for a 
liquid of a given high conductivity, only fine jets and fine droplets are obtained41. The 
change in size in a deposited droplet as a function of salt concentration is shown in  
Figure 3.23. 
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a)
 
b)
 
c)
 
 
Figure 3.22. Samples of PEG 4600 with NaTFA and 0.1M (15% solution saturation) 
CHCA in THF. Salt-to-analyte mole ratio: a) no salt added, b) S/A = 2, c) S/A = 6.  
5-second spray time. Samples were not exposed to vacuum. Micrographs collected in the 
center of the spot.  
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Figure 3.23. Average particle size as a function of S/A ratio for samples of PEG 4600 
with NaTFA in 0.1M (15% solution saturation) CHCA in THF solvent. Four images at 
the center of each spot were analyzed and the results used to calculate the averages and 
95% confidence intervals. 
 
 
Effect of Analyte or Other Nonionic Matrix Additives on Sample Morphology 
It is also important to consider the effect of the analyte itself, or any other matrix 
additives, on the morphology of the sample produced. This is important because in this 
work, the analyte is polyethylene glycol (PEG), a known non-ionic surfactant. Further, it 
is necessary to add a cationization reagent (a salt, in this case sodium trifluoroacetate 
(NaTFA)) to the samples, which will affect the conductivity of the sample solution. As 
demonstrated above in Equation 3.1 the addition of the salt affects the electrospray 
process- affecting the size of the liquid droplets produced by the electrospray. 
To evaluate the effect of the addition of analyte on the sample morphology, 
MALDI samples containing PEG 4600 and samples without PEG 4600 were prepared 
and sprayed under the same ESD conditions. Figure 3.24 shows a typical AFM image of 
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DHB containing no PEG additive. Shown in Figure 3.24 (a) is an image of DHB 
prepared at 0.015M concentration while Figure 3.24 (b) shows an image of DHB at 
0.11M concentration. The micrographs reveal that the addition of PEG 4600 surfactant to 
a solution mixture affects the sample morphology and the size of particles formed during 
the electrospray deposition process. Samples containing the analyte produce larger solid 
particles than samples containing only matrix in solution. The size of the solid droplets in 
the samples containing PEG is on average above 1 µm (refer to Figure 3.16 and 3.17), 
whereas the size of the solid droplets produced under the same electrospray conditions 
but without PEG in the solution are only 0.4-0.8µm in size. This observation agrees with 
the Equation 3.1, which suggests that as the surface tension of a liquid increases, the size 
of the droplets gets smaller. The addition of the PEG surfactant lowers the surface 
tension, leading to an increased size of the sample droplets. 
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a)
 
b)
 
          
 
Figure 3.24 Electrosprayed sample of DHB in THF. 2-minute spray, 5.7kV, 2 cm,  
5 μL/min. a - Sample of 0.015M DHB, b - sample of 0.11M DHB. Bottom pictures 
represent 3D view of the images above.    
 
 
Effect of Salt Additives on the Sample Spot Size 
The effect of salt additives on the sample spot size was also investigated. Samples 
prepared via ESD in these studies used the matrix concentrations of 0.1M, and as shown 
above, such concentration ensure that nearly dry droplets reach the surface. Uniform 
sample distribution was observed in the past when 2,5-DHB and polymer were 
electrospray deposited and studied with both AFM and scanning electron microscopy 
(SEM)42 . Homogeneous samples were obtained when PEG 4600 analyte in DHB  
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(at 0.1M concentration) as matrix have been titrated with NaTFA solution at short 
deposition times. Optically uniform-looking samples were observed for samples sprayed 
for 2 minutes, at low salt-to-analyte mole ratios (Figure 3.25 a-d).  It should be noted 
that a “ring-type” sample spot (they will be discussed in more detail in Chapter 6) with a 
thinner-appearing center and thicker edges was observed for the first time for 0.1M DHB 
containing PEG and NaTFA at a S/A ratio of 6 (Figure 3.25 e) and 10 (Figure 3.25 f). 
Further note that these samples had to be sprayed for longer than 1 minute in order to 
observe any visual differences across the spot. Further, Figure 3.26 demonstrates that no 
visual differences in sample morphology across the sample spot are observed when 
dithranol is used as the matrix. 
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a)
   
b)
 
c)
   
d)
 
e)
   
f)
 
Figure 3.25. Sample spots of PEG 4600 in 0.1M DHB (M/A = 2000, 0.94% saturation) 
and NaTFA at: a) S/A = 0, 0.0M; b) S/A = 0.75, 3.74*10-5M; c) S/A = 1.5, 7.5*10-5M;  
d) S/A = 3, 1.5*10-4M; e) S/A = 6, 3.0*10-4M; f) S/A = 10, 5.0*10-4M. Samples sprayed 
for 2 minutes at 5.4kV. 
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Figure 3.26. Sample of PEG 4600 with NaTFA and 0.1M dithranol (M/A = 2000, 35% 
solution saturation). Samples sprayed for 2 minutes at 5.4kV. Samples prepared at:  
a) S/A = 0.75, b) S/A = 6, c) S/A = 10.  
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As shown in Figure 3.27, when CHCA was used as the matrix and increasing 
amounts of salt was added to the solution, sample spots with clear visual differences 
across the sample profile were observed. This was demonstrated using a set of  
PEGOMe 4600 and PEG 4600 samples prepared in CHCA matrix at M/A = 2000 that 
were titrated with NaTFA solution. Note, that samples with a S/A ratio ranging from  
0 to approximately 0.75 (Figures 3.27 a-c) appeared to give a visually uniform sample 
profile. Only samples containing higher amounts of salt showed visual differences across 
the sample surface. Specifically, the white ring that appears at the outer edge of the 
sample appears to grow in size towards the center of the spot as the salt concentration in 
the sprayed solution is increased (Figure 3.27 d-f, these samples will be discussed in 
Chapter 6). Trends in the sample spot diameter as well as the size of a white ring around 
the outside of the spot are displayed in Figure 3.28. 
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b)
 
 
c)
   
d)
 
e)
    
f)
 
Figure 3.27. Samples of PEGOMe 4600 with NaTFA and 0.1M CHCA (M/A = 2000, 
16% solution saturation). Samples sprayed for 2 minutes at 5.5kV. Samples prepared at:   
a) S/A = 0, 0.0M; b) S/A = 0.5, 2.5*10-5M; c) S/A = 0.75, 3.74*10-5M; d) S/A = 1, 
5.0*10-5M; e) S/A = 6, 3.0*10-4M; f) S/A = 10, 5.0*10-4M.  
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Figure 3.28. Sample spot diameter (in cm) as a function of the concentration of NaTFA 
salt added for PEG 4600 (filled diamonds) or PEGOMe 4600 (filled triangles) using 
CHCA matrix (0.1M, M/A = 2000, 16% solution saturation). Ring (in cm) around the 
spots as a function of the concentration of NaTFA salt added for PEG 4600 (open 
squares) and PEGOMe 4600 (stars). Samples sprayed for 2 minutes 
 
 
As described in the sections above, a combination of several factors including the 
amount of matrix, charge density within the droplet, solvent evaporation rate, degree of 
wetness of the droplet at the time of impact on the surface, surface tension of the solution 
and dielectric constant all affect the morphology of the solid droplets deposited on the 
sample surface.  
To answer the question about sample components and their chemical distribution 
across the sample spot, additional experiments were performed and they will be discussed 
in Chapter 6, in the section entitled Analyte Distribution and Sample Profile- CHCA.  
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Effect of Salt Additives on Taylor Cone Appearance 
Figure 3.29 shows photographs of the Taylor cone formed while electrospraying 
samples containing 0.1M DHB matrix (Figure 3.29 a) or 0.1M dithranol (Figure 3.29 b) 
as matrix. Note that the Taylor cone formed while spraying CHCA was the same as that 
for DHB. Dithranol is observed to precipitate on the needle of the ESD when sample is 
deposited at extended deposition times (the photograph is taken after 2 minutes of 
continuous deposition). It was very difficult to keep a stable Taylor cone while spraying 
this solution. 
Samples prepared in dithranol as matrix did not show any visual segregation on 
the surface (Figure 3.26). Before the sample was deposited on the plate, large quantities 
of matrix were left behind in a form of ring at the tip of the needle (shown in  
Figure 3.29 b). This observation also means that the total mass deposited is less than 
what would be calculated from the time of deposition and solution concentration since a 
significant portion of matrix material was left on the needle.  
The solubility of different matrix materials in THF solvent was measured in an 
effort to explain these changes in spray behavior and their possible influence on the 
sample morphology profiles, as described above. The solubility of DHB, CHCA and 
dithranol in THF was measured to be 476 mg/mL, 130 mg/mL and 63.7 mg/mL, 
respectively. At a matrix concentration of 0.1M the saturation levels were calculated to 
be 3.5%, 16% and 35.5% for DHB, CHCA and dithranol, respectively.  
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a)
      
b)
 
Figure 3.29  PEG 4600 sample with NaTFA (S/A = 2) and a) 0.1M DHB in THF ( 3.5% 
saturation), b) 0.1M dithranol (35.5% saturation level). THF used as solvent. 
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Surface Coverage 
 
Definition of “MALDI Monolayer” for MALDI Samples 
 In general, a “monolayer” means the presence of a single layer of atoms, 
molecules, or cells closely packed and adsorbed onto a well-characterized surface. In the 
case of the following MALDI studies a monolayer is defined as a layer of solid sample 
droplets deposited from the ESD apparatus. Since the droplets are deposited as a fine 
mist, they fall on the surface in random places. When the target surface is clean and first 
exposed to the spray, the solid droplets will deposit on the surface of the metal target. 
After these initial droplets are deposited, further deposition will by chance preferentially 
fill the empty spaces between those droplets already deposited on the plate. However, 
after a short time some of the droplets, instead of falling into void spaces between the 
droplets already deposited, will fall on top of already deposited droplets. As these solid 
droplets are large and mostly dry when they impact the surface, and there is no driving 
force for rearrangement of the droplets, they do not cover the surface in any ordered way. 
Therefore in the terminology that will be used here, a “MALDI monolayer” is defined as 
a layer of solid droplets that generally cover the flat surface of the sample plate, although 
there will be some sample droplets found stacked on top of other drops that are already in 
a direct contact with the metal target.  
 
Coverage Measurements using AFM 
To better understand what the ESD deposited samples look like at the microscopic 
level, AFM measurements were performed on samples of PEG 4600 and NaTFA  
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(S/A = 2) mixed with 0.07M (M/A = 5000, 2.27% saturation) DHB matrix in THF 
solvent, where the solution is electrosprayed for 30, 60 and 90 seconds. These images are 
shown in Figure 3.30. As can be seen in the figure, some of the drops are deposited 
directly on the plate while some are deposited on top of other droplets deposited earlier in 
the spray. These AFM micrographs suggest that “sponge-like” solid structures are 
produced at extended deposition times. Recall that the previously described optical 
microscopy (as summarized in Figure 3.20 and Figure 3.21) show that different numbers 
and sizes of particles are observed as the degree of saturation of the solution is changed. 
Small satellite drops for this 0.07M DHB solution were found to be in the range between 
500 nm and 600 nm in size. Larger drops measured approximately 2 µm. Roughness of 
the samples was calculated as the maximum vertical distance between the highest and the 
lowest data points in the image. Calculated values were as follows: approximately  
700 nm for the sample sprayed for 30 seconds, 1060 nm for the samples sprayed for  
60 seconds and 2300 nm for the sample sprayed for 90 seconds. The results showed that 
as the spray time increased, the sample roughness increased as well. This suggests that 
these “sponge-like“ MALDI samples (composed of these variable sized but generally 
small solid sample particles packed in a random solid network) might contain different 
number densities of particles when produced under different sample conditions.  
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Figure 3.30. AFM images of PEG 4600 sample with NaTFA (S/A = 2) and 0.07M DHB 
(M/A = 5000, 2.27% saturation). Sample sprayed for a) 30 seconds, b) 60 seconds, c) 90 
seconds. Height images displayed in column 1, amplitude images displayed in column 2. 
Samples measured in the center of the sample spot. 
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Surface Coverage - Effect of Spray Time 
The effect of spray time on sample surface coverage was studied using solutions 
of PEG 4600 in DHB as matrix and NaTFA as ionization reagent. Samples at two matrix 
concentrations were prepared. The first sample solution was prepared to contain  
0.043M DHB (M/A = 3000, 1.3% saturation) and the second sample was prepared at a 
DHB concentration of 0.07M (M/A = 5000, 2.3% saturation).   
Individual samples were deposited with increasing spray times. On average five 
optical images were collected from the central portion of the sample spots. Raw 
micrographs were converted to binary pictures (example shown in Figure 3.31) and the 
surface coverage was calculated as described above. 
 
 
a
    
e
 
 
Figure 3.31. Optical images collected in the center of the spot of PEG 4600 with NaTFA 
(S/A = 2) and 0.043M DHB (M/A = 3000, 1.3% saturation) sample. Samples sprayed for 
a) 10 seconds b) 20 seconds, c) 50 seconds, d) 80 seconds. On the left is shown the raw 
image of the matrix (dark gray spots) deposited on the silicon background (light gray). 
On the right is the binary image where the correct color settings were applied. White is 
matrix and black is the background. 
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Figure 3.31 (continued). Optical images collected in the center of the spot of PEG 4600 
with NaTFA (S/A = 2) and 0.043M DHB (M/A = 3000, 1.3% saturation) sample. 
Samples sprayed for a) 10 seconds b) 20 seconds, c) 50 seconds, d) 80 seconds. On the 
left is shown the raw image of the matrix (dark gray spots) deposited on the silicon 
background (light gray). On the right is the binary image where the correct color settings 
were applied. White is matrix and black is the background. 
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Figure 3.32 shows “coverage plots” that represent the area covered by the 
matrix (displayed as the percent of the total surface area) as function of deposition time. 
The plots were constructed for samples sprayed for 10, 20, 50, 80 and 120 seconds. 
Comparing the data in panel a to b, it is found that as expected, lower concentration 
matrix solutions require longer spray times in order to yield complete surface coverage, 
e.g., the 0.043M DHB sample has to be sprayed for more than 80 seconds to reach 100% 
coverage. However, Figure 3.32b shows that the entire surface is covered by the 0.07M 
DHB sample when a spray time of approximately 20 seconds is utilized.  
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Figure 3.32. Area covered [%] as function of spray time for a PEG 4600 with NaTFA 
(S/A = 2) sample in DHB as matrix. a- 0.043M DHB (M/A = 3000, 1.4% saturation) and 
b- 0.070M DHB (M/A = 5000, 2.3% saturation). Samples electrospray deposited at 
5µL/min flow rate and 5.5kV. Error bars represent 95% confidence intervals. 
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Sample Coverage - Increasing Matrix Concentration 
A set of samples with matrix concentrations ranging from 0.015-0.085M was 
created to study the effect of matrix solution saturation on measured surface coverage. 
Specifically, samples were prepared using: 0.015M DHB (M/A = 1000, 0.5% solution 
saturation ), 0.029M DHB (M/A = 2000, 0.9% solution saturation ), 0.043M DHB  
(M/A = 3000, 1.4% solution saturation ), 0.057M DHB (M/A = 4000, 1.8% solution 
saturation and), 0.07M DHB (M/A = 5000, 2.3% solution saturation ), and  
0.085M DHB (M/A = 6000, 2.8% solution saturation ). Each of these samples were 
electrospray deposited for 10 or 20 seconds. Optical micrographs of these surfaces are 
shown in Figure 3.33.  
Note that at a DHB concentration of 0.015M (Figure 3.33 a), the sample (small 
dark gray spots) only partially covers the silicon wafer (light gray background), and as 
the matrix concentration increases (e.g., in Figure 3.33 f) more dark particles are 
observed and more complete coverage is obtained. 
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Figure 3.33. Optical micrographs collected in the center of spots prepared by 
electropraying samples of PEG 4600 sample with NaTFA (S/A = 2) in DHB. Samples 
were prepared in THF and sprayed for 10 seconds. a- 0.015M DHB sample (M/A = 1000, 
0.5% solution saturation ), b- 0.029M DHB sample (M/A = 2000, 0.9% solution 
saturation ), c- 0.043M DHB sample (M/A = 3000, 1.4% solution saturation), d- 0.057M 
DHB sample (M/A = 4000, 1.8% solution saturation), e- 0.07M DHB sample (M/A = 
5000, 2.3% solution saturation ), f- and 0.085M DHB sample  (M/A = 6000, 2.8% 
solution saturation).  
 
  
 
Figure 3.34a quantifies these changes in the surface coverage as a function of 
solution saturation for the set of samples sprayed for 10 seconds. The plot shows that 
complete surface coverage is obtained at a M/A ratio of 5000 (0.07M DHB sample, 2.3% 
solution saturation). Note, however, that the optical micrograph in Figure 3.33e (as well 
as at the higher M/A ratio of 6000 in Figure 3.33f) show that there are still small void 
spaces visible in the covered area. Figure 3.34b shows the summary results obtained for 
the samples sprayed for 20 seconds. As expected, a higher surface coverage is obtained at 
lower matrix concentrations as the spray time is increased.  
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Figure 3.34. Sample coverage (in %) as a function of the concentration of DHB matrix 
added (presented as M/A ratio) for a PEG 4600 sample sprayed for a- 10 seconds, and b- 
20 seconds. Samples electrospray deposited at 5µL/min flow rate with an applied voltage 
of 5.5kV. Error bars represent the standard deviations. 
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Sample Coverage Profile - Optical Microscopy 
To more fully understand how the differences in MALDI ion signal might be 
dependent on the surface coverage and the position on the spot from which the mass 
spectrum is acquired, the surface coverage across the sample spot was characterized 
using optical microscopy. A sample “surface coverage profile” was created by collecting 
optical microscope images every 1 mm across the entire sample spot, as shown in  
Figure 3.35.  
 
 
 
Figure 3.35. Photograph of a PEG 4600 sample with NaTFA (S/A = 2) in 0.029M DHB 
(M/A = 2000, 0.94% saturation) matrix. Sample electrospray deposited for 20 seconds at 
5µL/min flow rate, 5.5kV. The red small circles shown are the positions on the sample 
spot from where the data were collected. 
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For these experiments two solutions of PEG 4600 with NaTFA (S/A = 2) in 
0.015M DHB (M/A = 1000, 0.5% solution saturation) or 0.029M DHB (M/A = 2000, 
0.9% solution saturation) were prepared and electrosprayed for 10 seconds. After the 
micrographs were collected and processed as described above, the percent coverage was 
plotted as a function of position across the sample. The data from these measurements are 
displayed in Figure 3.36. 
As shown in Figure 3.36, higher surface coverage is obtained in the center of the 
spot and the coverage decreases in moving towards the edges. This observation would 
indicate that the density of the solid sample droplets is higher in the center, right below 
the electrospray needle. The M/A = 2000 sample shows a similar coverage profile 
although with increased values of surface coverage. To investigate whether there is a 
proportional change in the total surface coverage with the change in the sample 
concentration, the area under these two curves was determined using the cut and weigh 
technique. The results show a 2.6x larger area for the M/A = 2000 sample compared to 
the M/A = 1000 sample, although the difference in the amount of matrix sprayed in the 
two samples is only a factor of two. It is not completely clear why this discrepancy exists, 
although it is noted that the size of the sample spot sprayed from the M/A = 2000 solution 
is slightly larger (as described above) than that created for the M/A = 1000 sample. 
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Figure 3.36. Sample coverage profile based on optical images of PEG 4600 sample with 
NaTFA (S/A = 2) and DHB (green circles) at 0.015M (M/A = 1000, 0.05% saturation) 
and DHB (blue squares) at 0.029M (M/A = 2000, 0.94% saturation). Sample electrospray 
deposited at 5µL/min flow rate, 5.5kV, 10 seconds spray time.  
 
 
Figure 3.37 shows the measured surface coverage obtained for samples prepared 
to contain 0.015M DHB (M/A = 1000, 0.5% saturation), 0.029M DHB (M/A = 2000, 
0.94% saturation) and 0.11M DHB (M/A = 8000, 3.56% saturation) at 20 seconds spray 
time. It can be seen that as the spray time increases the surface coverage in the center of 
the samples saturates at 100%. The surface coverage profiles become more even across 
the spot, indicating more uniform density distribution of the solid sample droplets in the 
center and in moving towards the edges of the spot.  
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Figure 3.37. Sample surface coverage profile based on optical images of PEG 4600 
sample with NaTFA (S/A = 2) in DHB matrix at 0.015M (M/A = 1000, 0.05% saturation, 
green circles), at 0.029M (M/A = 2000, 0.94% saturation, blue squares) and at 0.11M 
(M/A = 8000, 3.56% saturation, black triangles). The sample was electrospray deposited 
at 5µL/min flow rate, with 5.5kV applied voltage for a 20 second spray time.  
 
 
Characterization of the surface coverage and sample coverage profile shows that 
early in the spray sample material is preferentially deposited in the center of the spot, and 
coverage increases with deposition time. These results suggest that longer deposition 
times should be used in order to create samples with 100% surface coverage, e.g., sample 
particles that are distributed homogeneously across the sample spot. Further, it is 
expected that the MALDI signals obtained from low surface coverage samples will 
mimic these trends in surface coverage. The above study carries crucial information that 
will be used later to explain the influence of sample coverage on MALDI signal intensity 
and reproducibility. 
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Sample Surface Coverage by MALDI - Methodology 
Experiments were performed here to determine if MALDI could also be used to 
measure the sample surface coverage. Samples of PEG 4600 in DHB as matrix and 
NaTFA as ionization reagent were electrospray deposited for various times. From the 
optical microscopy surface coverage data shown above, it was expected that less than 
complete coverage would be observed at 10 and 20 seconds spray time, and as the spray 
time is increased the surface of the target should be covered to a larger extent. As the size 
of the laser beam is constant and much larger than the size of the solid droplets deposited 
on the surface, it was expected that the MALDI signal would depend on the percent area 
covered as more or less analyte molecules would be located within the laser spot. More 
specifically, the MALDI analyte signal was expected to increase linearly with deposition 
time until a monolayer of droplets was deposited. At this point the surface is completely 
covered with solid sample droplets and the laser should desorb a constant amount of 
material. 
MALDI mass spectra representing a total of 200 shots were collected with the 
random walk mode enabled (5 shots/location). Figure 3.38 shows the measured  
PEG 4600 average peak area as a function of deposition time for a 0.043M DHB sample 
(M/A = 3000, 1.4% saturation). Note that the signal increases up to ~75 seconds; at 
shorter deposition times the surface is covered less than 100 percent. Once a “MALDI 
monolayer” of droplets is present the analyte MALDI signal starts to level off. An abrupt 
change in the slope- the point of intersection of two lines fitted to the two straight-line 
portions of the curve (as shown in Figure 3.38) is used to provide an estimate of how 
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long the sample of a known matrix concentration had to be sprayed before “MALDI 
monolayer” coverage is obtained. 
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Figure 3.38. Average peak area of PEG 4600 sample with NaTFA (S/A = 2) in 0.043M 
DHB (M/A = 3000, 1.4% saturation) as function of spray time. Five mass spectra were 
averaged. Total of 200 shots collected with a random walk mode on. Intersection of two 
lines fitted to the two portions of the curve estimates the time of deposition when 
complete coverage was obtained. Error bars represent the 95% confidence intervals. 
 
Sample Coverage by MALDI - Effect of Matrix Concentration 
Due to the differences in the number and size of the solid particles deposited at 
various matrix concentrations (recall Figure 3.21), it would be expected to obtain a 
“MALDI monolayer” surface coverage at different spray times for solutions containing 
different amounts of matrix. An experiment was performed to study the effect of the 
degree of matrix solution saturation on the time required for complete “MALDI 
monolayer” coverage to be obtained. Data were collected from the central portion of the 
sample spots and they are displayed in Figure 3.39 and Figure 3.40.  
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As displayed in Figure 3.39a, a “MALDI monolayer” was obtained after 75 
seconds of spray time for the 0.043M DHB sample (M/A = 3000). Figure 3.39b shows 
that the signal levels off after 30 seconds when the 0.07M DHB sample (M/A = 5000) is 
analyzed. It is estimated that “MALDI monolayer” coverage is obtained in about 15 
seconds for the 0.14M DHB sample (M/A = 10 000) as shown in Figure 3.40a. As 
expected, as matrix concentration increases, the time required to obtain “MALDI 
monolayer” surface coverage decreases. 
Note the first data point in each of the plots shown in Figures 3.39 and 3.40. It is 
found that the signal at 10 seconds spray time increases as the concentration of matrix 
(i.e., the matrix saturation) increases. An average PEG 4600 peak area of 10,499 is 
recorded for the 0.07M DHB sample (M/A = 5000), an average peak area of 16,393 is 
recorded for 0.014M DHB concentration sample (M/A = 10,000), and an average analyte 
peak area of 25,910 is recorded for the 0.02M DHB concentration sample (M/A = 
14,000). This observation would imply that more material is available for desorption by 
the laser and higher coverage is achieved at higher matrix concentrations. This is 
consistent with the results of earlier experiments shown in Figure 3.19. 
The sample at M/A = 5000 was used to determine the amount of matrix material 
required for complete surface coverage. It was found that approximatrly 30 seconds of 
spray time generates complete monolayer coverage. As the sample was deposited at a rate 
of 5 µL/min, and matrix solution concentration of 0.07M DHB was used, it was estimated 
that approximately 30 µg of material was needed to create monolayer coverage. Note that 
these calculations were carried out on data acquired in the center of the spot and they 
would be different if the coverage was estimated near the edges. 
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Figure 3.39. Average peak area of PEG 4600 sample with NaTFA (S/A = 2) and DHB 
matrix as function of spray time. Five mass spectra averaged. Total of 200 shots collected 
with a random walk mode on and 5 shots/position. Sample prepared at: a - 0.043M DHB 
(M/A = 3000, 1.39% saturation), b - 0.07M DHB  (M/A = 5000, 2.27% stauration). Error 
bars represent the 95% confidence intervals. 
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Figure 3.40. Average peak area of PEG 4600 with NaTFA (S/A = 2) and DHB matrix as 
function of spray time. Five mass spectra averaged. Total of 200 shots collected with a 
random walk mode on and 5 shots/position. Sample prepared at: a - 0.14M DHB (M/A = 
10000, 4.53% saturation), b - 0.2M DHB (M/A = 14000, 6.47% saturation). Error bars 
represent the 95% confidence intervals. 
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Sample Thickness  
 
Once “MALDI monolayer” coverage is obtained, further sample deposition 
should lead to a build-up of additional solid droplets on top of the initial layer. Thus as 
the spray time increases, the sample thickness should increase as well. Previous AFM 
studies have shown that samples of high surface roughness are created at long deposition 
times (refer to Figure 3.30).  
In this section it will be shown that MALDI can be used as a technique for sample 
thickness estimation. The advantage to the technique is that it can measure samples with 
non-uniform surfaces that are otherwise difficult to measure with traditional thickness 
measurement techniques. Due to the fact that these MALDI sample surfaces are uneven 
only an average thickness measurement (with spatial dimensions defined by the size of 
the laser beam) can be obtained using MALDI.  
Sample spot thickness profiles were obtained for samples prepared in various 
matrices and containing different concentrations of salt in the electrospray deposited 
solutions. Characterization was undertaken to gain a better understanding of the sample 
morphology and to gain flexibility in the selection of specific sample preparation 
conditions. 
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“MALDI Thickness” Determination 
 
Figure 3.41 demonstrates how “MALDI thickness” is calculated from the 
collected MALDI data. For this work a sample of PEG 4600 with NaTFA (S/A = 2) in 
0.07M DHB matrix (M/A = 5000, 2.27% saturation) was electrospray deposited for 90 
seconds. Experiments were performed by fixing the laser in one location (i.e., with the 
random walk function disabled). Without changing the laser position, multiple five-shot 
mass spectra were acquired. The data acquisition continued until no signal was collected 
in a 5-shot spectrum (which was after the bare metal of the sample holder became visible 
in the instrument camera view). The results are plotted by summing the analyte peak 
areas in the sequentially accumulated 5 laser shot spectra. As shown in Figure 3.41, note 
that initially the analyte signal increases proportionally with the number of laser shots 
(the black squares in the left of the figure). Then the increase in MALDI signal slows and 
the curve starts to bend (indicated by the small triangles in the middle of the plot). 
Eventually the signal reaches a point where the curve plateaues, as demonstrated by the 
open circles on the right side of the figure. These three different parts of the curve will be 
discussed separately below. 
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Figure 3.41. Accumulated peak area of PEG 4600 sample with NaTFA (S/A = 2) and 
0.07M DHB (M/A = 5000, 2.27% saturation) as function of number of laser shots at a 
single spot. Samples are electrosprayed for 90 seconds. Shown is MALDI “thickness” 
estimation. “Thickness” corresponds to the point of intersection between two fitted lines. 
Thickness of 75 laser shots was obtained for the presented example. 
 
 
A mathematical approach was undertaken to determine the total number of laser 
shots required to fully ablate the sample material. Two lines were fitted to the selected 
first and last few points of the curve; the first line went through points in the rising 
portion of the curve while the second line was fit through the points in the plateau region. 
The equations of the lines were obtained using the trendline function in Excel.  
The intersection point for the two lines was then calculated by solving the two equations 
simultaneously using the matrix functions in Excel. The intersection point is specified as 
the “MALDI thickness”; the example shown in Figure 3.41 resulted in a “MALDI 
thickness” of 75 laser shots. 
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Three Parts of the Thickness Plot 
 
There are three important parts to the MALDI thickness plot: the rising portion 
(designated by the black squares in Figure 3.41), the plateau portion, (designated by the 
open circles in Figure 3.41), which corresponds to the maximum signal obtained after 
full sample ablation, and the intermediate region between rising and flat part of the curve 
(designated by the small triangles in Figure 3.41). This section will focus on the 
explanation of the intermediate region of the thickness plot. 
To understand why the analyte signal slowly leveled off and there was no sharp 
end point in the “thickness” curve, the ablated area of the sample was monitored with 
optical microscopy. A sample of PEG 4600 in 0.07M DHB as matrix (M/A = 5000, 2.3% 
solution saturation) was electrosprayed for 90 seconds. The sample was then ablated with 
50, 100, 150, 200, 250 and 300 laser shots in a single location. Thirty different spots on 
the surface (5 replicate measurements at each number of laser shots) were obtained, and 
then optical images were collected from those locations to evaluate what the laser spot 
looked like.  
As seen in Figure 3.42, with an increase of number of laser shots more and more 
of the underlying sample holder was exposed. As the laser ablated the solid sample drops 
some metal started to be exposed at those locations where the sample was thinner  
(e.g., at the edges of the solid droplets). Even a fifty laser-shot experiment partially 
uncovered bare metal beneath the sample. This fifty laser-shot point was also the point 
where the rising portion of the plot of the accumulated PEG 4600 average peaks area 
versus number of laser shots at a single spot (shown in Figure 3.41) started to deviate 
from linearity. Overall, the signal continued to decrease, per laser shot, as more of the 
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remaining solid was ablated and more metal was exposed (images at 100 and 150-
laser shots in Figure 3.42 show larger areas left after ablation). Eventually, no more 
material was available within the laser spot and laser ablation took place on bare steel 
(200 and more laser shots in Figure 3.42). 
 
 
 
     
50 laser shots   100 laser shots  150 laser shots 
     
 200 laser shots             250 laser shots             300 laser shots 
 
Figure 3.42. Micrographs of six different spots on the surface each using different 
number of laser shots. Image size: 165μm height x 190 μm width. PEG 4600 sample with 
NaTFA (S/A = 2) and 0.07M DHB (M/A = 5000, 2.27% saturation). 
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The Synchroniz IR basic 5.0 (Olympus Soft Imaging Solutions GmbH) 
processing software was used to calculate the % coverage for the areas of the exposed 
metal plate which was then converted to ablated sample area in µm2.The size of the spot 
(10, 000 μm2) was obtained after complete sample ablation at 300 laser shots. The size of 
the 150/200-shots spot matched the size of the laser beam, which was set to 5 μLarge  
(in the Bruker instrument control software) and corresponded to 80 μm in diameter46.  
Further experiments were performed to study the effect of the number of laser 
shots at a single spot on the area of the spot left after laser ablation. Optical images of 
five different laser spots for every N-laser shot ablation were acquired (five different 
spots for 50 shot laser ablation were obtained, five different spots for 100 laser shot 
ablation, five for 150 laser shot and so on) to calculate the average and standard deviation 
of the measurements. These results are displayed in Figure 3.43. Note that the size of the 
exposed area increased initially. However, once 200 or more laser shots were fired at the 
sample, the size of the spot after ablation does not change significantly. 
Due to the fact that the sample was not desorbed all at once but gradually, it was 
decided that “MALDI thickness” would be defined as the point between the moment 
when surface of the target was exposed for the first time and the moment when the size of 
the spot after ablation did not change and therefore did not contribute to the total analyte 
signal. This point corresponds to the intersection of the two straight lines shown in  
Figure 3.41. 
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Figure 3.43. Ablated area (in µm2) as function a of number of laser shots at a single spot. 
Data obtained from the optical microscopy images. Five images were used to calculate 
mean value and standard deviation. PEG 4600 sample with NaTFA (S/A = 2) and 0.07M 
DHB (M/A = 5000, 2.27% saturation). 
 
 
 
 
“MALDI Thickness” as a Function of the Number of Laser Shots 
To measure “MALDI thickness”, a set of experiments was performed using a 
sample of PEG 4600 in 0.07M DHB matrix (M/A = 5000, 2.3% solution saturation) 
which was electrospray deposited for 15, 30, 60, 90, 120, 150 and 180 seconds.  As 
mentioned in the previous section (refer to Figure 3.21), no differences in the 
macroscopic diameter of the deposited spots were recorded within this studied spray time 
range. The diameter of the spot sprayed from a distance of 2 cm was 1.1 cm. 
Figure 3.44 shows data collected for MALDI thickness measurements from five 
of the seven samples. The leveling off in the accumulated signal is an indication of the 
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laser reaching the surface of the steel target where further ablation does not generate 
an increase in the total analyte signal. The analyte signal levels off at higher values of the 
total number of laser shots at a single spot (x-axis) when the samples become thicker. 
Note that when the sample sprayed for 30 seconds was analyzed that the signal leveled 
off after 37 laser shots. To entirely desorb sample sprayed for 60 seconds it required 
about 50 laser shots, for 90 seconds sample 77 shots were needed, whereas for the sample 
sprayed for 120 seconds more than 118 laser shots were necessary. 
 
0.0E+00
1.0E+07
2.0E+07
3.0E+07
4.0E+07
0 50 100 150 200 250
Number of laser shots at a single spot
A
cc
um
ul
at
ed
 P
E
G
46
00
 P
ea
ks
 A
re
a
sample 1, 120 sec
sample 2, 120 sec
sample 3, 120 sec
sample 3 run 2, 120sec
90sec, s1
90sec, s2
90sec, s3
90sec, s2, run2
90sec,s3,run2
60sec, s1
60sec, s2
60sec, s3
30sec, s1
30sec, s4
30sec, s2
30sec, s3,run2
15sec_s1_run1
15sec_s1_run2
15sec_s2
 
Figure 3.44. Accumulated peak area of PEG 4600 sample with NaTFA (S/A = 2) and 
0.07M DHB (M/A = 5000, 2.27% saturation). Thickness measurements of five different 
samples sprayed for varying deposition times. Abbreviation s1, s2, s3 stands for sample 
1(spray 1), sample 2 (spray 2), sample 3 (spray 3), accordingly. Run1, run2 are analyses 1 
and 2 performed on the same sample spot.  
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Table 3.2 summarizes the results obtained for these MALDI thickness 
measurements. Values for the average number of laser shots calculated from the 
intersection of the two lines were provided for the seven deposition times measured. 
Multiple thickness measurements were performed within the same sample spot and 
between different sample spots. Due to the small variability between different 
measurements the within-spot and between-spot data were pooled together. The MALDI 
thickness is observed to increase with deposition time. 
 
 
 
 
Table 3.2. MALDI Thickness results for electrospray-deposited PEG 4600 sample with 
NaTFA (S/A = 2) and 0.07M DHB (M/A = 5000, 2.27% saturation).  
 
DHB/PEG 4600 
deposition time [sec] 
Mean value of multiple 
“MALDI  thickness” 
measurements 
(average number of laser 
shots calculated from the 
intersection of two lines) 
Standard 
Deviation 
Total number of 
measurements, both 
between sprays and 
within the same 
spray, N 
15 22 6 4 
30 37.6 2.3 5 
60 49.7 3.1 4 
90 77.3 5.6 4 
120 118 8.4 4 
150 132 12 5 
180 186 32 3 
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“MALDI Thickness” – Effect of Matrix Solution Saturation 
 
To study the effect of solution saturation on the measured “MALDI thickness”  
a set of experiments was performed using a sample of PEG 4600 in 0.11M DHB  
(M/A = 8000, 3.6% solution saturation) where the sample solution was electrosprayed for 
30, 60, 90, 120, and 180 seconds. As described previously in the section entitled Particle 
Size Dependence on Matrix Concentration (refer to Figure 3.21), with an increase of 
matrix solution saturation the size of the deposited particles increases. The MALDI 
thickness plots for these samples are displayed in Figure 3.45. 
 
  
0.0E+00
1.0E+07
2.0E+07
3.0E+07
4.0E+07
0 100 200 300 400 500 600 700
Number of laser shots at a single spot
Ac
cu
m
ul
at
ed
 P
EG
46
00
 P
ea
ks
 A
re
a
30 sec s2 r1
30 sec s2 r2
60 sec s1 r2
90 sec s1 r1
90 sec s1 r2
120 sec s1 r1
120 sec s1 r2
180 sec
 
 
Figure 3.45. Accumulated peak area of PEG 4600 sample with NaTFA (S/A = 2) and 
0.11M DHB (M/A = 8000, 3.56% sturation). Thickness measurements of eight different 
samples sprayed at varying deposition time. Abbreviation s1, s2, s3 stands for sample 1, 
sample 2, sample 3, accordingly. R1 is the first analysis, r2 is the second analysis 
performed on the same sample spot.  
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Table 3.3 provides a summary of the thickness values obtained from the plots 
in Figure 3.45. Values for the “MALDI thickness” were determined for five deposition 
times. Comparing the results in Table 3.2 to Table 3.3, it is observed that as expected, 
the measured MALDI thickness is larger for the higher matrix concentration solution at 
any given deposition time.  
 
 
Table 3.3. Thickness results for electrospray-deposited PEG 4600 sample with NaTFA 
(S/A = 2) and 0.11M DHB (M/A = 8000, 3.56% saturation). 
  
DHB/PEG 4600 
deposition time 
[sec] 
Mean value of multiple “MALDI  
thickness” measurements 
(average number of laser shots 
calculated from the intersection of 
two lines) 
Standard 
Deviation 
Total number of 
measurements, 
both between 
sprays and within 
the same spray, N 
30 54 8.5 4 
60 99.5 4.5 3 
90 131 n/a* 2 
120 177 n/a* 2 
180 270 n/a* 1 
*standard deviation was not calculated due to the low number of measurements 
 
 
 “MALDI Thickness” - Effect of Spray Time 
 To better understand the relationship between the MALDI thickness and sample 
deposition time, the results from Table 3.2 (PEG 4600 with NaTFA at S/A = 2 in 0.07M 
DHB, M/A = 5000, 2.27% saturation) and Table 3.3 (PEG 4600 with NaTFA at S/A = 2 
in 0.11M DHB, M/A = 8000, 3.56% saturation) are compared. When the MALDI 
thickness is plotted versus deposition time two distinct curves are obtained as shown in 
Figure 3.46. Since all data points were acquired at the center of the sample spot, it was 
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expected there would be a proportional increase in “MALDI thickness” with an 
increase of deposition time from 15 to 180 seconds.  
The slopes of the “MALDI thickness” plots in Figure 3.46 were calculated using 
the Linreg tool in Excel. A value of 1.43 was obtained from the measurements of the 
0.11M DHB sample, whereas a slope of 0.95 was obtained for the sample prepared from 
0.07M DHB. As the concentration of matrix in the solution is higher it would be expected 
to create thicker layers faster (i.e., to have a higher slope) and that more laser shots would 
be required to “drill through” the sample at a given deposition time. Closer inspection of 
the ratio of the slopes, 1.51, and the ratio of the concentrations, 1.57, shows good 
agreement. The ratio of the slopes might be expected to be less than the ratio of the 
concentrations because the diameter of the ES spots was slightly larger for the samples of 
higher matrix concentration.  Also, recall that larger droplets were deposited when the 
solution of higher saturation was sprayed (refer to Table 3.1). Another possibility is that 
if the size of the solid particles changes with matrix saturation, the number density of 
particles on the MALDI sample may be different as well. The density of the droplets in 
the solid deposit might have an effect on the desorption process. The simultaneous effects 
of particle size, sample density and macroscopic diameter of the spots would all be 
reasons for the small differences in the slopes in presented in these “MALDI thickness” 
curves. 
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Figure 3.46. Calibration curves for thickness measurements for PEG 4600 samples with 
NaTFA (S/A = 2) and DHB (blue diamonds) at 0.07M (M/A = 5000, 2.27% saturation) 
and DHB (green squares) at 0.11M (M/A = 8000, 3.56% saturation). Data from Table 3.2 
and Table 3.3. Equations of the lines for the 0.07M sample (blue diamonds) y = 0.9461x 
+ 1.77, R2 = 0.9713, and for the 0.11M sample (green squares) y = 1.4261x + 9.3919,  
R2 = 0.9964. 
 
 
 
Slopes of the “MALDI Thickness” Plots 
Values of the initial slopes of the individual “MALDI thickness” curves displayed 
in Figure 3.44 were also calculated and evaluated to investigate if there were any 
differences in the amounts of material desorbed from samples of different thickness. The 
initial slope values were plotted as a function of sample deposition time for PEG 4600 
with NaTFA at S/A = 2 in 0.07M DHB matrix (M/A = 5000, 2.27% saturation)  
(Figure 3.47). If the surface was completely covered, it would be expected that all of the 
points would have the same value. Surprisingly, the values of the slopes obtained for 
samples sprayed for 15 and 30 seconds, in particular, were observed to be lower than the 
rest. 
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Figure 3.47. Average initial slopes of the “MALDI thickness” plots (slopes of the curves 
shown in Figure 3.44). The sample was comprised of PEG 4600 with NaTFA at S/A = 2 
and 0.07M DHB (M/A = 5000, 2.27% saturation). Error bars represent one standard 
deviation. 
  
 
A paired t-test was performed to determine if there is a statistically significant 
difference between the different slope values plotted in Figure 3.47. The initial 
hypothesis was that slopes for the 15 and 30 second deposition times might be 
statistically different from the remaining slopes, as they measure a combination of 
coverage and thickness. The paired t-test was chosen for two reasons: first, the 
true/accepted value of the slope describing thickness measurements was not known, 
therefore the mean of all measured sets of data was used as a representation of the true 
value; and second, the slopes of all the data points had the same standard deviation  
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(i.e., the variances of the different data sets could be pooled, as individual F-tests 
performed on each of the points compared to the 90 second result showed no statistically 
different values). 
As shown in Table 3.4, the tabulated t value for six degrees of freedom (4+4-2)  
at the 95 % confidence level is 2.447, and the calculated t value for the 15 second sample 
was 7.94 and for the 30 seconds sample 7.46. Both values are statistically significant, 
which means that the “MALDI thickness” procedure measures two different things: 
coverage, when thin samples are analyzed, and thickness, when samples sprayed longer 
than 60 seconds are investigated. The t values for the thicker samples were not found to 
be statistically significant. 
 
 
 
Table 3.4. Summary table of the slopes of data displayed in Figure 3.47. 
Spray 
time 
(sec) 
Slope Number 
of 
samples 
measured
Standard 
deviation
95% 
Confidence 
Interval 
Fcalc 
95% 
level 
Ftab 
95% 
level 
t calc 
95% 
level 
t tab 
95% 
level 
15 106661 4 23461 (+-) 37332 2.66* 9.01 7.94 2.447
30 113699 5 23962 (+-) 29753 2.77* 9.12 7.63 2.365
60 184878 4 28057 (+-) 44645 3.80* 9.28 1.97* 2.447
90 215916 4 14390 (+-) 17867 n/a n/a n/a n/a 
120 225795 4 21065  (+-) 33519 2.14* 9.28 0.77* 2.447
150 206828 5 27914  (+-) 34660 3.76* 9.01 0.53* 2.365
180 192981 3 22554  (+-) 56026 2.46 n/a 1.66* 2.571
* Not statistically significant. 
 
 
 
Lower initial slopes are an indication of smaller amounts of material desorbed in 
each 5-laser-shot interval. Such a situation might occur only if there was not enough 
material within the area of the laser spot available for ablation. Due to the fact that the 
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sample surface was only partially covered with matrix droplets when a sample was 
sprayed for 15 or 30 seconds (refer to Figure 3.39 and recall this represented less than 
complete surface coverage), smaller amounts of material were ablated off the surface of 
these samples in the MALDI experiment. The amount of material desorbed at each 
sample thickness was found to be the same for samples deposited/sprayed longer than 50 
seconds. The fact that the slopes of the thicker samples are not statistically different 
means that the amount of desorbed sample/spectrum was constant. Therefore, the 
integrated peak areas obtained from different sets of mass spectra can be compared to one 
another when thickness is evaluated. 
Interestingly, the point at 180 seconds spray time was lower but not statistically 
different from the point at 90 seconds. The fact that the 180 point was lower may be 
attributed to the number of measurements, only 3 thickness measurements were 
performed at 180 seconds or sample evaporation in vacuum (which will be discussed in 
Chapter 5), which may lead to decrease in the amount of matrix present.  
All of these data were evaluated against only the 90 second sprayed sample. 
Another way to perform the analysis would be to average the data obtained for the 90, 
120 and 150 seconds sprayed samples to obtain a more representative value of the slope, 
and then evaluate the rest of the points against that mean result. In fact, this second 
analysis was performed and the results evaluated against the mean confirmed that only 
the slopes of the samples at 15 and 30 seconds are statistically different. 
Values of the initial slopes of the individual “MALDI thickness” curves displayed 
in Figure 3.45 were also calculated. The results were evaluated to learn if there were any 
differences in the amounts of material desorbed from the samples prepared at higher 
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matrix solution saturation. The slope values plotted as a function of sample deposition 
time for a PEG 4600 sample with NaTFA at S/A = 2 and 0.11M DHB (M/A = 8000, 
3.56% saturation) are presented in Figure 3.48. All points are found close to the same 
value of 9x104. An exception is the point at 30 seconds spray time, which again may be 
associated with lower surface coverage and therefore smaller amounts of matrix and 
analyte desorbed during each 5 laser-shot ablation. The statistical analysis showed that all 
slopes are not statistically different, when evaluated against 90 seconds sample. 
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Figure 3.48. Average slopes of “MALDI thickness” plots (slopes of the curves obtained 
from Figure 3.45). PEG 4600 sample with NaTFA at S/A = 2 and 0.11M DHB (M/A = 
8000, 3.56% saturation). Error bars represent standard deviations. 
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Interestingly, in comparison to the samples prepared with 0.07M DHB, the 
slopes of the samples prepared with 0.11M DHB are the same. This agrees with 
previously obtained results (refer to Figure 3.39 and Figure 3.40) where drier samples 
and larger sample droplets are deposited from solutions of increased matrix saturation; 
these solutions also completely cover the surface with a monolayer of droplets at short 
spray times. The measurements in Figure 3.48 indicate that thickness, not coverage, is 
being measured between 50 and 180 seconds spray time and that the same amount of 
material is removed with every 5 laser-shot ablation. Also, thickness measurements may 
be performed within a wider range of spray times when more saturated matrix samples 
are analyzed. 
 
 
Effect of the Number of Laser Shots on Signal Reproducibility 
 
Since reproducibility of the sample sprays is important for using MALDI as a 
quantitative technique, it was important to learn how the reproducibility of the analyte 
peak area (as measured by the %CV) changes with the depth of the laser ablation. While 
keeping a constant sample thickness, the number of laser shots fired at a sample at a 
single position was varied and the signal reproducibility compared. A sample of  
PEG 4600 with NaTFA as ionization reagent (at S/A = 2) in DHB matrix at 0.07M (2.3% 
saturation) was sprayed for 90 seconds to ensure complete surface coverage. First, seven 
replicate mass spectra were acquired with the number of laser shots set to 20 shots per 
position. An additional seven replicate mass spectra were collected with the number of 
laser shots set to 30 shots per position. This procedure was repeated for 50, 70, 100, 250, 
500 and 800 shots collected at the same position. The average PEG 4600 peak area and  
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% coefficient of variation (%CV) were calculated from these data. As shown in  
Figure 3.49 there is a wide range of number of shots, from 70 to 250, where excellent 
signal reproducibility (i.e., values below 5 %) was obtained. Higher signal variability 
(%CV > 10%) was observed when lower numbers of laser shots per position were used in 
the experiment. Also, note that signal variability increased as the entire sample was 
ablated (at the 500 and 800 laser shots/position values).  
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Figure 3.49. Reproducibility of the average PEG 4600 peak area (as %CV) as a function 
of number of laser shots at a single spot. The PEG 4600 sample sprayed for 90 seconds. 
 
 
Table 3.5 provides numerical values for the points displayed in Figure 3.49. 
When the number of laser shots was set to 800, signal reproducibility decreased to almost 
7%. Note that 500 and 800 laser shots per position resulted in complete sample ablation.  
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Table 3.5. Signal variability of the average PEG 4600 peak area (as %CV) as a 
function of number of laser shots fired at a single spot. Seven mass spectra were collected 
at each setting. 
 
Number of laser shots Average Peak Area Peak area/Laser shot %CV
20 9535 476 12.3 
30 13521 451 12.3 
50 28161 563 6.7 
70 39837 569 3.4 
100 65295 653 4.5 
250 182494 730 1.8 
500* 314000 628 3.4 
800* 373086 466 6.9 
* laser ablation to the bare metal. %CV represents variability that includes differences in the sample 
thickness. 
 
 
 
Combined Sample Coverage and Thickness Profile with MALDI 
 
Using the procedure described above, the combined surface coverage and 
thickness across the sample spot was measured with MALDI. A PEG 4600 sample with 
NaTFA as the ionization reagent (S/A = 2) and 0.07M DHB (M/A = 5000, 2.27% 
saturation) as matrix was chosen for the experiment and a set of samples was sprayed for 
30 seconds.  
The MALDI surface coverage profile was generated for each of the samples by 
setting the laser to fire 200 shots per position; after the entire sample was ablated and the 
metal underneath was exposed, the laser was moved approximately 0.5 mm to the side. 
Initial trials showed that 200 shots was enough to desorb the sample completely. Several 
tracks composed of a number of 200-shot mass spectra were acquired across the sample 
spot as shown in the optical micrograph in Figure 3.50. After the sample holder was 
taken out of the instrument exact distances were measured with a ruler and analyte 
signals were then assigned to the position from which they were collected. The sample 
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surface coverage profiles were created by plotting the analyte peak area as a function 
of the distance from the edge of the sample spot. Sample profiles obtained for the 
samples sprayed for 30 seconds are displayed in Figure 3.51. 
 
 
 
Figure 3.50. Measurement of combined surface coverage and thickness sample profile. 
Picture of an electrospray deposited sample of PEG 4600 with NaTFA (S/A = 2) and 
DHB matrix. Sample sprayed for 30 seconds. Three tracks of spots left after laser 
ablation. Sample ablated with 200 laser shots per position.  
 
 
 
 
0.5mm 
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Figure 3.51a-c displays three profiles for three different sprays deposited for 
30 seconds each. As can be seen in Figure 3.51, the signals at the edges of the samples 
are lower than the signal in the center of the spot. Initially, the profiles were thought to 
mimic sample distribution and sample coverage on the sample target surface. However, 
after more careful consideration on how the data were acquired, it was concluded that the 
plots are actually describing both coverage and thickness. During data collection for the 
“coverage” data, the laser is randomly moved around the sample spot (with 5 laser 
shots/position). When thickness is measured, the laser is fixed in one position throughout 
the entire analysis. If one recalls (from the data in Figure 3.39b) the 30 seconds spray 
time did not provide complete surface coverage with 0.07M DHB sample (M/A = 5000). 
Therefore, by fixing the laser in one position one measures thickness of the spot knowing 
already that complete monolayer coverage had not yet been obtained. Shallow edges 
around the spot and higher signal collected from the central region of the spot may be an 
indication that sample is thicker in the center than around the edges. The results may be 
attributed to the radial dispersion of the liquid droplets emitted from the electrospray and 
their distribution dependent on the size of an individual droplet. Ku and Kim45 have 
found that a polymodal droplet distribution is generated under certain spray conditions, 
with larger droplets found below the ES needle and smaller droplets on the outside of the 
main stream of the spray45.  
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Figure 3.51. MALDI spot profiles obtained for PEG 4600 sample with NaTFA (S/A = 2) 
in 0.07M DHB matrix (M/A = 5000, 2.27% saturation). Samples were electrosprayed for 
30 seconds. The data are from three different sample sprays.  
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Figure 3.52 shows the sample profiles obtained for five different 
measurements on three samples sprayed on separate targets. Two samples (sample2 and 
sample3) were analyzed twice. Combined coverage and thickness profiles were collected 
for various sprays to learn about the variability between different samples. Good 
reproducibility of the multiple sample spot profiles was obtained as indicated by the % 
CV calculated for 9 selected points as summarized in Table 3.6. 
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Figure 3.52. Overlayed MALDI spot profiles obtained for PEG 4600 sample with 
NaTFA (S/A = 2) and 0.07 M DHB (M/A = 5000, 2.27%) of three different sample 
sprays. Sample 2 and sample 3 were analyzed twice. 
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Table 3.6. Signal reproducibility calculated for 9 selected points for a PEG 4600 
sample with NaTFA (S/A = 2) in 0.07 M DHB (M/A = 5000, 2.27%) for 5 analyses 
shown in Figure 3.52. 
 
Point number Distance [mm] Average Peak Area Standard Deviation %CV
1 0.2 1529840 618744 40.4 
2 1 5629922 438269 7.8 
3 2.3 6650963 396255 6.0 
4 2.8 7314401 408280 5.6 
5 4 7736697 381271 4.9 
6 5 7451944 385544 5.2 
7 6 7006438 233748 3.3 
8 8 5956297 323750 5.4 
9 9 5456908 455359 8.3 
 
 
It is important to characterize the sample spot with regard to the amount of 
material deposited at various positions. As shown in Table 3.6, there are differences in 
the observed MALDI signal between the edges and center of the spot that may have an 
effect on MALDI signal intensity and its reproducibility. 
 
MALDI Sample profile - DHB Matrix 
As MALDI has been shown above to be able to measure the sample thickness, 
this technique was used to measure the thickness across the sample spot (i.e., the sample 
profile). A sample of PEG 4600 with NaTFA at S/A = 2 in 0.07M DHB as matrix  
(M/A = 5000, 2.27% saturation) was electrosprayed for 90 seconds. Complete monolayer 
coverage at the center of the spot should be obtained with the above conditions. 
A MALDI thickness profile was generated for each of the samples. Mass spectra 
corresponding to 200 shots per position were collected as the laser was moved in steps of 
~0.5 mm. A number of 200-shot mass spectra were acquired across the sample spot, in 
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the same fashion as shown in Figure 3.50. After the sample holder was taken out of 
the instrument the exact distances between the “ablation wells” were measured with a 
ruler, and analyte signals were assigned to the position from which they were collected. 
Sample thickness profiles obtained for two sample sprays (each analyzed three times) are 
displayed in Figure 3.53. 
As shown in the figure, “flat-top” and “sharp-edge” sample profiles are obtained. 
Heavier particles travel in a straight line towards the plate and are deposited below the 
needle45, lighter particles are ejected diagonally and land farther from the center. In order 
to explain the differences in the sample spot profile obtained for the 30 seconds versus 90 
seconds spray, it is proposed that as the amount of the material increases an electrically 
insulating layer is formed in the center of the spot. As the deposition time increases, more 
and more droplets cover the target. There may be a point when the sample becomes thick 
enough to act as insulator. If such a situation occurred, then continuous deposition would 
cause the charged particles to be pulled away from the center by the electric field and 
deposited around the edges, resulting in sharp edges and flat top observed for the 90-
seconds spray sample spot. 
Another possible explanation may be found in the interactions between charges on 
the droplets that are close to the surface of the target and adhesive forces of the droplets 
already deposited. Due to the fact that the travelling droplets and the sample spot carry 
the same charge, repulsive interactions are induced between them. As described by 
Rezvanpour and Wang15, more charges accumulate on the deposited spots when long 
spraying times are utilized. The repulsive forces push the later droplets away from the 
middle of the spot and lead to increased deposition around the edges of the spot.  
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Figure 3.53. MALDI spot profile of PEG 4600 sample with NaTFA (S/A = 2) in 0.07M 
DHB (M/A = 5000, 2.27% saturation). Note the characteristic “flat-top” and “sharp-
edged” profiles that are observed. Two different sample sprays are presented, each 
analyzed three times. Samples deposited for 90 seconds.  
 
 
Reproducibility of the within- sample MALDI analyte signal was also evaluated. 
The sample profile of a single sample spot (90 seconds spray time) was measured three 
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times. The total analysis time from the acquisition of the first data points contributing 
to the first sample profile, to the last data points of the third profile, was approximately 
20 minutes.  The %CV was calculated for the points that fell in the center region 
(specifically from 3 mm to 7 mm) on the spot. As shown in Table 3.7, despite the fact 
that the long time in vacuum leads to evaporation that may decrease signal 
reproducibility (as detailed in Chapter 5), generally low values of %CV were achieved, 
indicating high precision measurements. 
 
 
Table 3.7. Reproducibility obtained for within and between sample measurements. 
90 seconds Between sample reproducibility Within sample reproducibility 
Distance 
[mm] 
Average 
Peak Area, 
N=6 
Standard 
Deviation 
%CV Average 
Peak Area,
N=3 
Standard 
Deviation 
%CV
1.8 7527873 957675 12.7 8199382 158468 1.9 
3.1 8477788 789417 9.3 8772717 653380 7.4 
5.1 8478082 892361 10.5 9055039 579017 6.4 
6.1 8104380 604375 7.5 8461468 481483 5.7 
7.6 8078426 856715 10.6 8493972 254701 3.0 
 
 
Analyte signal variability is dependent on the position on the sample where the 
the data are collected. When short deposition times are used, the data acquired at the 
center of the spot are more reproducible. The deposition time also plays a significant role, 
since as the time increases, the reproducibility also increases. It would be expected to see 
more scatter in the results with samples sprayed for 30 seconds compared to samples 
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sprayed for 90 seconds. This point is particularly important when preparing samples 
used for quantitative studies. 
 
 
 
Conclusions 
Understanding the homogeneity of MALDI samples produced using a 
combination of different solution components is necessary. Characterization of the 
sample morphology and wetness was undertaken and is a major contribution of this 
chapter towards improved MALDI mass spectrometry.  
Several factors have influence on the size of the solid droplets and the size of the 
circular sample spots obtained during ES deposition. The level of sample solution 
saturation is one factor and it was also shown to play an important role in the morphology 
of the solid droplets deposited on the sample surface.  
Wetter sprays were observed at low matrix concentrations (0.015M DHB,  
M/A = 1000, 0.5% solution saturation), and dry droplets of uniform sizes were observed 
when solutions were prepared at higher matrix concentrations/saturation levels (0.11M 
DHB, M/A = 8000:1, 3.56% saturation).  
It was demonstrated that the time of spray deposition is important, as it changes 
the degree of surface coverage and the profile of the sample spots. Complete surface 
coverage should be ensured for improved MALDI signal reproducibility.  
The work in this chapter showed that MALDI can be used to measure sample 
thickness, although a few conditions have to be met for the measurements to be correct:  
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• Thickness measurements provide the best results if the sample has a uniform 
chemical composition distribution (utilization of electrospray deposition should 
ensure that this condition is met).  
• The variability of sample deposition within the same sample and between samples 
should be low. 
• Equal volumes of matrix material should be desorbed at each 5-laser-shot 
ablation. 
• The sample surface should be completely covered with matrix.  
• The sample should be maximally stable in high vacuum of mass spectrometer. 
The MALDI method is particularly useful for making thickness measurements of  
samples with high surface roughness as well as those that absorb UV light; these are 
samples that can not be easily measured with traditional thickness measurement methods. 
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CHAPTER 4: CATIONIZATION OF SYNTHETIC POLYMER SAMPLES 
 
 
Introduction 
 
It is generally known that the quality of a MALDI spectrum greatly depends on 
the quality of the sample preparation process1. The key to a successful MALDI analysis 
rests in obtaining highly reproducible peak areas in both within-sample and between 
sample measurements.  
There are several critical sample preparation steps in a MALDI analysis.  
The matrix-to-analyte (M/A) mole ratio is one of the key parameters that plays a role in 
both the desorption and ionization processes. M/A was first studied in our group by 
Chavez-Eng2 during her quantitative analysis studies of peptides and proteins.  The effect 
of M/A on the polymer analyte signals is also important; and a number of different 
sample preparation protocols were investigated over the years3-4. As Chavez-Eng’s 
studies forcused on the analysis of biologicals that were produced via protonation, alkali 
metal contaminants were purposely removed prior to analysis to reduce the observation 
of unwanted alkali cationized adducts. In contrast to biomolecules, where the amount of 
salt present is reduced, polymer samples generally require addition of a metal cation to 
form ions during the MALDI ionization process.  
As the polymer samples require the presence of a cation to form an ion, another 
factor1 to consider during sample preparation is the salt-to-analyte (S/A) mole ratio. 
Hoteling3 showed that the intensity of the analyte signal is dependent on the amount of 
cation present in the sample solution mixture. He demonstrated that by varying the S/A 
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ratio in the analysis of a poly(methylmethacrylate) (PMMA) 6300 sample with DHB, 
IAA, and dithranol as matrices one could obtain different analyte signal responses.  
He identified the so called “ideal” and “non-ideal” salt titration curves, where the 
efficiency of the analyte ionization (i.e., the measured analyte signal intensity) was 
dependent on the amount of salt added. Following Hoteling’s work, Erb4 also studied the 
S/A ratios with four matrices and three alkali metals. The matrices included DHB, 
CHCA, dithranol, and DCTB, and the alkali ions chosen for study were Li+, Na+and K+. 
In that work an additional type of titration curve was observed which he called a 
“rising”curve. 
As a sodium salt is added to the sample mixture it can bind to the polymer chain, 
leading to an increase in the MALDI signal response. For a singly charged5 polymer 
analyte, the “ideal case” of the salt titration occurs when the cationized analyte signal 
increases with the addition of salt until the 1:1 stoichiometric point where the signal 
levels off. In the ideal case further addition of sodium cations has no influence on the 
analyte signal. A “non-ideal” titration curve is observed when the analyte signal increases 
with addition of salt, reaches maximum value at the 1:1 value and then slowly decreases 
as additional salt is added. The “rising” case is observed when the cationized analyte 
signal continues to increase with increasing amount of salt beyond the 1:1 point.  
As mentioned above, the M/A ratio is also very important during sample 
preparation for MALDI analysis. Solutions for M/A plots can be prepared by holding the 
amount of matrix constant and changing the amount of analyte, referred to as the “matrix-
constant” (MC) method or by holding the amount of analyte and salt constant and 
changing the amount of matrix in each solution, referred to as the “analyte-constant” 
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(AC) method. Note that the degree of matrix saturation of the solution in the AC method 
increases when the M/A ratio increases. Also, when using the AC method the sample 
thickness changes, and samples become thicker as M/A ratios increase.  
 
Importance of Sample Solubility in MALDI  
The importance of solubility in MALDI sample preparation is another factor and 
it has been discussed in the literature.6, 7 The general rule “like dissolves like” used in 
explaining the interactions between small molecules has also been applied to the complex 
mixtures analyzed by MALDI as well.  The relative polarity of the matrix and the analyte 
plays an important role in the solubility of one in the other and can result in either 
homogeneous distribution of analyte in the matrix or separation into individual 
microdomains on the sample surface with too great a difference in the polarities. 
According to Hoteling6 and co-workers, DHB and CHCA fall at the polar end of the 
matrix polarity spectrum, IAA is in the middle, and dithranol is found at the non-polar 
end. PEG is considered to be polar polymer, whereas PEGOMe represents a more non-
polar species. It has been demonstrated that when the anlayte and matrix match with 
regard to solubility, good quality (good signal-to-noise) MALDI spectra are obtained for 
the polymer.3 When there was a mismatch, no spectrum was obtained at all. These 
solubility rules will be used to help explain some of the results obtained in the following 
work.  
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Subjects Covered in this Chapter 
The objective of the following chapter was to further investigate the effect of the 
M/A and S/A ratios on the analyte signal intensity. The initial sets of experiments that 
utilized synthetic polymers of low molecular weight (Mw=2000) were performed on a 
Bruker Reflex III (equipped with a nitrogen laser operating at 337nm). The experiments 
with higher molecular weight (Mw= 4600) polymers were performed on the Bruker 
AutoFlex III (equipped with a Nd:YAG laser operating at 335 nm).  
The nomenclature used in this chapter will be the same as used in Hoteling’s3 
thesis, where [S] denotes the concentration of the cationization reagent,  
[A] denotes the concentration of analyte and [M] denotes the concentration of matrix.  
In the first part of the chapter results of the M/A studies are described. Initial 
experiments explored the effect of sample preparation procedure on the optimum in the 
M/A plot. Also, the effect of the choice of the matrix on the intensity of PEG 4600 and 
PEGOMe 4600 analytes was explored. The second part of the chapter focused on the 
investigation of S/A ratios, including a continued study of the “non-ideal”, “ideal” and 
“rising” titration curves using PEG and PEGOMe analytes. The final part of the chapter 
describes some preliminary theoretical studies where a MAPLE model was created and 
used to estimate the binding constants for PEG 4600 and PEGOMe 4600 towards the 
sodium cation. 
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Results and Discussion 
Laser Desorption Ionization on the Ultra Flex III 
Laser desorption ionization (LDI) experiments were first performed to determine 
which polymer samples generate analyte signal without the addition of matrix. PEG 
samples with molecular weights of 1000Da (Figure 4.1), 1500Da (Figure 4.2), 2000Da 
(Figure 4.3), 3400Da (Figure 4.4), 4600Da and 6000Da were analyzed in these 
experiments. Those polymers that did not laser desorb would be successful candidates for 
the MALDI M/A and S/A studies, as the MALDI data would reflect only signals obtained 
from the MALDI process and would eliminate analyte signals from pure laser desorption. 
These LDI experiments were performed on samples that contained increasing amount of 
the NaTFA cationization reagent (i.e., salt). Large error bars (calculated for 95% 
confidence level) indicate that high within sample variability was obtained. Such high 
variability of LDI samples is common and was observed in the past, e.g., Gamez et al.8, 
who explained it as “sweet spots” of heterogeneously precipitating sample that lead to 
higher desorption efficiency from some positions on the spot.  
The slopes of the plots in Figures 4.1 - 4.4 were calculated using the Linreg tool 
in Excel. Two pieces of information were obtained; first, the slope of PEG 1000 sample 
(127,028 +/-12,455) was statistically different and much higher than the slope obtained 
for PEG 1500 (163,747 +/-31,952) and PEG 3400 (32,510 +/-3,913) samples. This would 
indicate that PEG 1000 is laser desorbed more efficiently than the higher molecular 
weight polymers. Second, the results showed that the confidence bands for the slopes for 
samples of PEG 1000, PEG 1500 and PEG 3400 did not include zero, which means that 
the quantity of cationization reagent did have an effect on the PEG signal obtained with 
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LDI. The sample of PEG 2000 (-6,699 +/-25,514) was the only one where the slope was 
not statistically different from zero, however, due to large signal variability this sample is 
difficult to analyze and compare to the others. The exact reasons for the increase of the 
polymer signal with addition of salt are not clear. Note, that only polymers with 
molecular weights from 1000Da to 3400Da generated any LDI signals. No LDI signal 
was recorded for PEG 4600 and PEG 6000.  
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Figure 4.1. Results of laser desorption experiments performed on a PEG 1000 sample.  
4 measurements were averaged. Error bars represent the 95% confidence intervals.  
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Figure 4.2.  Results of laser desorption experiments performed on a PEG 1500 sample.  
4 measurements were averaged. Error bars represent the 95% confidence intervals.  
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Figure 4.3.  Results of laser desorption experiments performed on PEG 2000 sample. 
4 measurements were averaged. Error bars represent the 95% confidence intervals.  
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Figure 4.4. Results of laser desorption experiments performed on a PEG 3400 sample. 
4 measurements were averaged. Error bars represent the 95% confidence intervals.  
 
 
To provide a better picture of the laser desorption efficiency of PEG as a function 
of molecular weight, the results obtained at S/A = 2 were extracted from the data shown 
in Figures 4.1-4.4 and replotted in Figure 4.5. Note, that the highest intensity signal was 
obtained for the PEG 1500 sample. Both PEG 4600 and PEG 6000 did not generate 
signal at the 75% laser intensity settings used. As reported previously8 the LDI process 
tends to be less efficient for the heavier oligomers in a polymeric mixture. Based on the 
results of these initial experiments it was decided that polymers of Mw >= 4600 Da 
would be appropriate candidates for further MALDI S/A titration studies. 
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Figure 4.5. Average peak area of laser desorbed PEG signal obtained at S/A=2 as 
function of PEG molecular weight. 4 measurements were averaged. Error bars represent 
the 95% confidence intervals.  
 
 
Matrix-to-Analyte Ratio, Analyte Constant (AC) Sample Preparation 
 
The effect of PEG molecular weight on the optimum M/A ratio was investigated 
using PEG 1500, PEG 3400, PEG 4600 and PEG 6000 samples with NaTFA as the 
ionization reagent (S/A=2) and DHB as matrix. Samples were prepared by holding the 
quantity of PEG constant and increasing the level of matrix saturation in the solutions. 
All samples were electrospray deposited for 10 seconds. It was visually observed that the 
intensity of the spots increased as the M/A in the solutions increased. Samples prepared 
at M/A=180 were more transparent (sample spots shown in Figure 4.6, on the left side of 
the plate), whereas samples prepared at high M/A were dark (sample spots shown in 
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Figure 4.6 on the right side of the plate). This change in color was likely an effect of the 
change in the thickness of the deposited samples. Although all samples were sprayed for 
10 seconds, it is important to note that the concentration of matrix in the samples 
prepared at the lowest M/A was 0.1M, while the concentration of matrix in the samples 
prepared at high M/A ratio was 0.3M.  As the solutions prepared at higher M/A levels 
contained more matrix material, therefore more material was deposited from those 
sample solutions. 
 
 
 
Figure 4.6. Sample spots of PEG 4600 sample with NaTFA as ionization reagent  
(at S/A=2) and DHB as matrix deposited on the MPT 384 steel plate. ES deposition at  
5 µL/min flow rate for 10 seconds and at 5.7kV.  
 
 
 
Next, multiple mass spectra were acquired from each of the spots, and M/A plots 
were constructed to examine the relative behavior between the matrix and the polymer.  
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A M/A plot for the low molecular weight PEG 1500 sample is displayed in Figure 4.7. 
Note that an increase in the analyte signal is observed in the range between M/A= 0 to 
M/A= 1500. The signal reaches maximum and it then levels off. Note also that the  
PEG 1500 generates signal even at the lowest M/A ratios. Such an observation is 
consistent with the earlier shown laser desorption experiments. PEG 1500 has been 
shown to desorb and be efficiently analyzed without the support of matrix molecules.  
The M/A plot for the higher molecular weight PEG 3400 is displayed in  
Figure 4.8. A continuous increase in signal was recorded up to M/A=3000; after M/A= 
4500 point it started slowly decreasing with increasing M/A. Note, that PEG 3400 also 
generates signal at the lowest M/A values. The intensity of the signal is, however, much 
lower than the intensity of the signal obtained for PEG 1500 analyte.  
The M/A plot for the PEG 4600 is displayed in Figure 4.9. A trend similar to that 
observed for the lower molecular weight samples has been obtained, with analyte signal 
increasing to M/A= 2000 and then slowly decreasing after the optimum M/A was reached 
at M/A=5000. However, unlike PEG 1500 and PEG 3400, no signal for PEG 4600 is 
recorded at the lowest M/A values.  
The M/A plot for PEG 6000 is displayed in Figure 4.10. Note, that the highest 
intensity signal obtained for PEG 6000 was found to be at M/A= 4000. The signal starts 
from zero in the region of low M/As and it then slowly increases. The analyte signal 
reaches a maximum and with continuously increasing the amount of matrix relative to the 
amount of the analyte, PEG 6000 signal decreases.  
Note the interesting differences in the lowest region of M/A plots obtained for the 
four presented polymers. PEG 1500 generates signal even at the lowest matrix 
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concentrations. That is not surprising since, as shown earlier, PEG 1500 easily undergoes 
direct LDI. PEG 4600 and PEG 6000 do not laser desorb easily and the presence of 
matrix molecules to support analyte desorption is necessary. Also, the PEG 4600 and 
PEG 6000 signals increase is much more slowly comparing to the other two polymers.  
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Figure 4.7. M/A plot for PEG 1500 sample with NaTFA as ionization reagent (at S/A=2) 
and DHB as matrix. Error bars represent the 95% confidence intervals. 
 
 
  148
Analyte Constant (AC)
0.0E+00
5.0E+04
1.0E+05
1.5E+05
2.0E+05
2.5E+05
3.0E+05
3.5E+05
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Matrix-to-analyte mole ratio (M/A)
A
ve
ra
ge
 P
ea
k 
A
re
a
 
 
Figure 4.8. M/A plot for PEG 3400 sample with NaTFA as ionization reagent (at S/A=2) 
and DHB as matrix. Error bars represent the 95% confidence intervals. 
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Figure 4.9. M/A plot for PEG 4600 with NaTFA as ionization reagent (at S/A=2) and 
DHB as matrix. Error bars represent the 95% confidence intervals. 
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Figure 4.10. M/A plot for PEG 6000 with NaTFA as ionization reagent (at S/A=2) and 
DHB as matrix. Error bars represent the 95% confidence intervals. 
 
 
 
The sets of the experiments described above show that the maximum M/A signal 
shifts towards higher M/A values with increasing molecular weight of the analyzed 
polymer. Since the experiment was run with a constant amount of the analyte and 
increasing amounts of the matrix, one could think of the matrix as a “limiting reagent” for 
analyte desorption. These data suggest that PEG 1500 requires on average 1500 
molecules of DHB per one molecule of the analyte to obtain maximum analyte signal. 
Similarly, an optimum M/A of approximately 2000 was obtained for PEG 3500, 2000-
3000 for PEG 4600, and 4000-5000 for PEG 6000. The observed results might be 
correlated with the volume occupied by one mole of the polymer, the so called molar 
volume of the polymer. It has been reported that increasing the molecular weight of the 
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polymer is associated with increasing molecular volume and decreasing hydroxyl 
number9. As PEG 1500 has the lowest number of repeat units, it has a smaller molecular 
volume and larger hydroxyl number than PEG 6000 does. If the MALDI sample 
preparation process can be viewed as “dissolving” the polymer inside a network of matrix 
molecules in the solid state, then by analogy to the solution phase, the polymer molecules 
would be “solvated”/surrounded by the matrix molecules.  As such, a smaller number of 
DHB molecules would be required to directly interact with PEG 1500 as compared to 
PEG 6000, which would interact directly with a larger number of DHB molecules.  
 
 
Matrix-to-Analyte Ratio, Matrix Constant (MC) Sample Preparation 
Another way to prepare samples for the M/A studies is by holding the quantity of 
matrix constant and by increasing the amount of PEG (and salt) in the solutions.  
The effect of PEG molecular weight on the M/A optimum was investigated with samples 
prepared in such a way. All samples were electrospray deposited for 10 seconds.  
A plot of the PEG 1500 peak area as a function of M/A ratio for the PEG 1500 
sample with NaTFA as ionization reagent (at S/A=2) and DHB as matrix is displayed in 
Figure 4.11. Note that moving from high to low M/A values (i.e., from right to left on the 
x-axis) corresponds to an increase in the analyte concentration. As shown, the analyte 
signal increases with increase of its concentration. The increase is observed until a 
saturation point is reached. After this point a further increase in PEG concentration 
(moving to lower M/A ratio) results in a decrease in signal.  
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Similar M/A plots for the PEG 2000, PEG 3500 and PEG 4600 samples are 
displayed in Figures 4.12, 4.13 and 4.14, respectively. As shown in the previous section 
describing samples prepared using the AC method, the optimum M/A shifts towards 
higher M/A values with an increase in the molecular weight.  For the MC method, the 
optimum M/A for PEG 2000 is observed at a M/A =1000.  Despite the scatter in the data, 
the optimum M/A for PEG 3400 is found at approximately M/A= 1500, while the 
optimum for PEG 4600 was found to be at M/A= 2000.  
Beyond the “saturation point” (i.e., moving towards low M/A ratios) the analyte 
signal is found to drop sharply. At this point the concentration of the analyte and salt are 
the highest. This sudden decrease of signal was observed in the past2,3,4,10 and was 
explained in terms of the desorption process. It was associated with having an insufficient 
amount of matrix molecules surrounding the analyte molecule in the so-called “solid state 
solution”.  
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Figure 4.11. M/A plot for PEG 1500 with NaTFA as ionization reagent (at S/A=2) and 
DHB as matrix. Error bars represent the 95% confidence intervals. 
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Figure 4.12. M/A plot for PEG 2000 with NaTFA as ionization reagent (at S/A=2) and 
DHB as matrix. Error bars represent the 95% confidence intervals. 
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Figure 4.13. M/A plot for PEG 3400 with NaTFA as ionization reagent (at S/A=2) and 
DHB as matrix. Error bars represent the 95% confidence intervals. 
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Figure 4.14. M/A plot for PEG 4600 with NaTFA as ionization reagent (at S/A=2) and 
DHB as matrix. Error bars represent the 95% confidence intervals. 
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M/A Plots in Different Matrices - AutoFlex 
The effect of the choice of matrix on the M/A plot was studied using two 
polymers, PEG 4600 and PEGOMe 4600, and four matrices, DHB, IAA, CHCA and 
dithranol. All samples were prepared in 0.1M matrix solutions using the MC method and 
the cation concentration was varied with the analyte in order to keep a constant S/A=1. 
The solutions were sprayed for 2 minutes from a 2cm distance. First, the differences in 
the deposited spots were recorded. The diameter of the spots was measured, and the 
results are displayed in Figure 4.15. It was observed that the diameter of the sample spot 
was slightly larger for samples containing high concentration of the analyte (i.e., at M/A 
below 2000). The spots increased in size from ~1 cm diameter obtained for the M/A in 
the range from M/A= 3000 (3.5*10-5M NaTFA concentration) to M/A= 18000 (6*10-6M 
NaTFA concentration) up to 1.6 cm in the range from M/A= 433 (2.7*10-4M NaTFA 
concentration) to M/A= 3000 (3.5*10-5M NaTFA concentration). Although there is a 
clear difference in the size of the sample spots, it is hard to say whether an increase in the 
spot diameter (in the region below M/A= 2000) may have any direct influence on the 
M/A plot and the observed sudden decrease in the analyte signal. 
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Figure 4.15. The diameter of the sample spots as a function of M/A ratio. A PEG 4600 
sample with NaTFA as ionization reagent (at S/A=2) and 0.1M DHB (blue diamonds), or 
PEGOMe 4600 sample with NaTFA as ionization reagent (at S/A=2) and 0.1MDHB 
(green triangles).   
 
 
Mass spectra were collected from these sets of ES deposited spots and M/A plots 
were constructed. The question to answer was how PEG vs PEGOMe polymers would 
behave depending on the type of matrix selected as sample medium. The working 
hypothesis was that better desorption and ionization would be observed when there is a 
better match of the polarity between the matrix and the analyte, in effect when the 
solubility of the polymer in the matrix is good.  
The results for the M/A studies are displayed in Figures 4.16 through 4.19.  
As can be seen, a maximum M/A at around M/A= 2000 was found for every measured 
sample. Note, though that the recorded average signal intensities for the PEG and 
PEGOMe analytes vary depending on the type of matrix used in the analysis.  
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Signals of similar intensities for both PEG and PEGOMe polymers were obtained 
from the IAA matrix (see Figure 4.16). When DHB and CHCA were used to prepare the 
samples, PEG generated higher signal than PEGOMe. M/A plots of samples prepared in 
those two media are shown in Figure 4.17 and Figure 4.18, respectively. A reverse 
situation was observed when dithranol was used as matrix (see Figure 4.19). Here, 
PEGOMe generated stronger signal than PEG did. 
Proper selection and matching of all MALDI sample components are important 
and have been discussed broadly in the past11. A similar solubility of polymer, matrix, 
and ionization reagent in the solvent of choice allows for homogeneous sample co-
crystallization and has an enormous influence on the sensitivity, selectivity and MALDI 
signal reproducibility7.  
While screening the M/A plots, another interesting observation has been made. It 
was observed that PEGs exhibited generally narrower peaks than the PEGOMe polymer. 
While not completely understood, this may be due to the end group effect on the polymer 
chain. The interaction between the hydroxyl functional group on the PEG chain and the 
matrix may be stronger than that between the methoxy end group on the PEGOMe 
polymer and matrix.  
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Figure 4.16. M/A plot for PEG 4600 and PEGOMe 4600 samples with NaTFA as 
ionization reagent (at S/A=1) and 0.1M IAA as matrix. Error bars represent the 95% 
confidence intervals. 
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Figure 4.17. M/A plot for PEG 4600 and PEGOMe 4600 samples with NaTFA as 
ionization reagent (at S/A=1) and 0.1M DHB as matrix. Error bars represent the 95% 
confidence intervals. 
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Figure 4.18. M/A plot for PEG 4600 and PEGOMe 4600 samples with NaTFA as 
ionization reagent (at S/A=1) and 0.1M CHCA as matrix. Error bars represent the 95% 
confidence intervals. 
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Figure 4.19. M/A plot for PEG 4600 and PEGOMe 4600 samples with NaTFA as 
ionization reagent (at S/A=1) and 0.1M Dithranol as matrix. Error bars represent the 95% 
confidence intervals. 
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A combined M/A plot of PEG 4600 in the four matrices studied is displayed in 
Figure 4.20. As noted, the analyte ion abundance is highest in CHCA as matrix and it 
decreases in order of CHCA>IAA> Dithranol> DHB. If the signal is related to the molar 
absorptivity of the matrices, the results seem to be consistent with the ability of the 
matrix to absorb UV light. Approximate absorptivity coefficients were obtained from the 
UV spectra of 0.1M matrix solutions prepared in methanol12. (Values for the absorption 
coefficients were also obtained during the matrix solubility measurements in THF and are 
described in Appendix B). Those coefficients are summarized in Table 4.1. 
 
 
Table 4.1. Approximate absorptivity coefficients obtained from the UV spectra of 0.1M 
CHCA, IAA, Dithranol and DHB matrix solutions prepared in methanol12. 
 
Matrix Molar absorptivity, 
ε [L/(mol*cm)]12 
Results from Appendix B, 
ε [L/(mol*cm)]12 
CHCA 22800 21212 (+/-361)   
IAA 19200 not measured 
Dithranol 8800 not measured 
DHB 4100  4066 (+/-64) 
 
The much higher ion intensities of PEG 4600 in CHCA can be related to the 
ability of the matrix to more strongly absorb light at 355 nm, to better accumulate the 
excitation energy and to transfer it between the matrix and analyte molecules in the solid 
mixture.  
The results in Figure 4.20 are also consistent with the classification of matrices 
into “hard” (e.g., CHCA matrix) and “soft” (e.g., DHB), proposed by Hillenkamp and 
Karas13. During the expansion of the dense gas plume that happens in a vacuum after 
interaction of the laser pulse with the sample, both matrix and analytes gain high initial 
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velocities (between 300-800 m/s). According to Karas14, those initial velocities, a 
characteristic property of the matrix used in the analysis, are a major contributor to the 
results in a MALDI mass spectrum15,16. “Hard” matrices with higher absorption do not 
allow the laser to penetrate into the sample as deep as the laser does in “soft” matrices. 
“Hard” matrices were found to correlate with higher internal energies, higher 
fragmentation and low initial ion velocities14, 13.  
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Figure 4.20. Summary M/A plot for PEG 4600 sample with NaTFA as ionization reagent 
(at S/A=1) in four matrices. Error bars represent the 95% confidence intervals. 
 
 
PEG 1500 Salt-to-Analyte Ratio on Reflex III 
A typical titration procedure is based on the addition of a titrant, which is a 
reagent solution or salt solution added into an analyte solution in increments until the 
analyte is completely consumed in the reaction. In the S/A titrations described here, the 
reaction under study is: 
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A + Na+ Æ [A-Na]+    Equation 4.1 
where the polymer analyte is denoted as ‘A’ and the salt (denoted ‘S’) is represented by 
‘Na+’in this example. In a normal titration, once the analyte is completely consumed 
there is a sudden change in the measured response from which the reaction end point can 
be determined.  The peak area of the analyte is the type of response in MALDI that can 
be used to monitor the progress of the salt titration.  
An initial set of experiments was performed with PEG 1500. Figure 4.21 displays 
the salt titration curve for PEG 1500 using DHB as the matrix and NaTFA as the 
cationization reagent.  The matrix concentration varied from 0.29M (9.3% saturation) for 
S/A=0 to 0.23M (7.5% saturation) for S/A= 6.5. Even though the sample at S/A=0 should 
not contain any sodium, there is always a small contamination from matrix impurities, 
synthesis starting products, or sodium found in the solvent or atmosphere, etc. that will 
ionize the analyte and generate signal. The large error bars for most of the analyses may 
be due to the low sample coverage obtained from the 10 second sprays. Unfortunately, 
these experiments were performed before the experiments exploring sample coverage 
described in chapter 3 were performed. Another set of data obtained for PEG 4600 and 
sprayed for 2 minutes will be discussed later in this chapter. 
Shown in Figure 4.21 is an example of an “ideal” titration for two oligomer peaks 
at the degrees of polymerization (DP) of 35 and 39. Note that when there is not enough 
sodium in the system, the analyte signal is low, and as sodium is added the signal 
increases as expected. The increase in signal continues until there is enough Na+ added to 
complete polymer cationization, where the signal levels off. 
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Figure 4.21. Salt titration curves for two different oligomer peaks of PEG 1500 sample 
using NaTFA as cationization reagent in 0.29M DHB (9.3% saturation) for S/A=0 to 
0.23M DHB (7.5% saturation) for S/A= 6.5 (at M/A=2000). The sample was electrospray 
deposited for 10 seconds; 4 mass spectra averaged. Error bars represent the 95% 
confidence intervals. Data were collected on a Bruker Reflex III equipped with a nitrogen 
laser.  
 
 
To explore the effect of a different matrix on the PEG 1500 response in the 
titration study, PEG 1500 was titrated with NaTFA as the cationization reagent using the 
matrices CHCA, IAA, dithranol and DCTB. 
Figure 4.22 shows the S/A plot for PEG1500 with CHCA as the matrix.  
The matrix concentration varied from 0.29M CHCA (43% saturation) for S/A=0 to 
0.22M (32% saturation) for S/A= 6.5 An “ideal” case titration curve was obtained with a 
maximum at S/A= 1 suggesting a 100 percent ionization efficiency.  
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Figure 4.22. Salt titration curves for two different oligomer peaks of PEG 1500 sample 
using NaTFA as cationization reagent in 0.29M CHCA (43% saturation) for S/A=0 to 
0.22M CHCA (32% saturation) for S/A=6 (at M/A= 2000). The sample was electrospray 
deposited for 10 seconds; 4 mass spectra averaged. Error bars represent the 95% 
confidence intervals. Data were collected on a Bruker Reflex III equipped with a nitrogen 
laser.  
 
 
 
 
The effect of the choice of matrix was further investigated using IAA.  
The experiments were carried out using PEG 1500 analyte at two different M/A ratios; 
the first analysis was performed with M/A= 200 and the second analysis with  
M/A= 2000. The results are displayed in Figures 4.23 and 4.24, respectively. Among the 
matrices studied so far, IAA would be the matrix characterized by medium polarity3.  
Two new observations were made from these S/A plots. First, the saturation point shifted 
towards higher S/A values and reached its maximum around S/A= 2 ratio. The signal was 
“rising” with addition of salt up to S/A=2, but it then started decreasing and resembled 
more of a “non-ideal” case. Second, the “non-ideal” region was converted into an “ideal” 
  164
case as the M/A was increased from 200 to 2000. Also, almost 2 moles of salt were 
required to ionize one mole of PEG 1500 in the presence of IAA.  
The “non-ideal” titration obtained at low M/A could indicate that too much 
sodium at very low matrix concentration can cause analyte signal suppression. Hoteling3 
was the first to show that DHB and IAA have a higher tolerance for the cationization 
reagent at higher M/As, i.e., that a non-ideal titration curve could be converted into an 
ideal case by increasing the M/A ratio. The addition of excess sodium does not have 
much of an effect on the analyte signal when the larger M/A is used.   
Another possible explanation may be found in the matrix solution saturation 
levels used to prepare the samples. As noted above, only an 8% saturated matrix solution 
was sprayed at high end of S/A titration plot in Figure 4.23, whereas the solution 
saturation was 11% at the high end of S/A plot shown in Figure 4.24. Recall from 
Chapter 3 that solution saturation translates into the size of the deposited droplets and 
those larger droplets, sprayed from the samples prepared at higher saturation levels, 
ensured better surface coverage.  
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Figure 4.23. Salt titration curves for two different oligomer peaks of PEG 1500 sample 
using NaTFA as cationization reagent in 0.3M IAA (16% saturation) for S/A=0 to 0.16M 
IAA (8% saturation) for S/A=6 (at M/A= 210). The sample was electrospray deposited 
for 10 seconds; 4 mass spectra averaged. Error bars represent the 95% confidence 
intervals. Data were collected on a Bruker Reflex III equipped with a nitrogen laser.  
 
 
 
Although the titration of PEG 1500 was performed using NaTFA, some potassium 
cationized peaks were observed in the mass spectum. Changes in the intensity of the K+ 
cationized peak of PEG are also displayed in Figure 4.24. Note that in the low S/A 
region of the plot, where the sodium content is very low, signals from [PEG-K]+ show 
high intensity. The intensity of the peak corresponding to [PEG-K]+ decreases with the 
addition of sodium salt, meaning that the signal is suppressed, or K+ “loses” in the 
competition with Na+ to create [PEG-Na]+. It is known that smaller ions bind more 
strongly to matrix molecules17,18 than larger ions do. However, it has been observed that 
K+ binds stronger to PEGs than Na+ or Li+ do.19 
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Figure 4.24. Salt titration curves for the PEG 1500 sample using NaTFA as cationization 
reagent in 0.29M IAA (15% saturation) for S/A=0 to 0.22M IAA (11% saturation) for 
S/A=6 (at M/A= 2000). The sample was electrospray deposited for 10 seconds; 4 mass 
spectra averaged. Error bars represent the 95% confidence intervals. Data were collected 
on a Bruker Reflex III equipped with a nitrogen laser.  
 
Following Erb’s4 work, the low mass region of the spectrum was studied to 
investigate possible matrix cluster formation as the quantity of salt in the sample mixture 
increases. Out of many peaks observed at various masses, the two that were selected and 
displayed in Figure 4.25 occur at m/z = 440.9 [2M-2H+3Na]+ and m/z = 650Da  
[3M-3H+4Na]+. While some matrix clusters followed the same trend of the [PEG-Na]+ 
ion, which shows a “non-ideal” titration curve (displayed in Figure 4.26), these two 
particular clusters behaved differently. The intensity of the two heavier clusters peaks 
kept increasing with the addition of salt. As shown in the Figure 4.25, the intensity of 
both [2M-2H+3Na]+ and [3M-3H+4Na]+ peaks at S/A=5.5 and S/A= 6.5 goes up, while 
PEG 1500 peak decreases.  
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Figure 4.25. Salt titration curves for the PEG 1500 sample using NaTFA as cationization 
reagent in 0.29M IAA (15% saturation) for S/A=0 to 0.22M IAA (11% saturation) for 
S/A=6 (at M/A= 2000). Matrix clusters at m/z = 440.9 [2M-2H+3Na]+ and  
m/z = 650Da [3M-3H+4Na]+ are shown. The sample was electrospray deposited for 10 
seconds; 4 mass spectra averaged. Error bars represent the 95% confidence intervals. 
Data were collected on a Bruker Reflex III equipped with a nitrogen laser.  
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Figure 4.26. Salt titration curves for the PEG 1500 sample using NaTFA as cationization 
reagent in 0.29M IAA (15% saturation) for S/A=0 to 0.22M IAA (11% saturation) for 
S/A=6 (at M/A= 2000). Matrix cationized ion at m/z = 210 [M+Na]+ and cluster at m/z = 
232Da [M-H+2Na]+ are shown. The sample was electrospray deposited for 10 seconds; 4 
mass spectra averaged. Error bars represent the 95% confidence intervals. Data were 
collected on a Bruker Reflex III equipped with a nitrogen laser.  
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Two analyses were performed using dithranol as the matrix at different M/A 
values. Figure 4.27 displays the plot when matrix concentration was between 0.29M 
(100% saturation) for S/A = 0 to 0.24M (85% saturation) for S/A = 6.5. Such a 
concentration was later found to cause matrix precipitation on the electrospray needle 
(refer to Figure 3.29). The results for dithranol at lower concentration, between 0.15M 
(53% saturation) at S/A = 0 to 0.13M (46% saturation) at S/A = 6.5, are shown in  
Figure 4.28. Both plots resemble each other; they generated a rising signal up to a 
saturation point around S/A= 2 but a “non-ideal” overall titration trend.  
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Figure 4.27. Salt titration curves for two different oligomer peaks of PEG 1500 sample 
using NaTFA as cationization reagent in 0.29M Dithranol (100% saturation) for S/A=0 to 
0.24M dithranol (85% saturation) for S/A=6 (at M/A= 2000). The sample was 
electrospray deposited for 10 seconds; 4 mass spectra averaged. Error bars represent the 
95% confidence intervals. Data were collected on a Bruker Reflex III equipped with a 
nitrogen laser.  
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A high saturation point (recorded at S/A = 3) in dithranol as matrix was observed 
by Hoteling3 during S/A titration of PMMA 6300. Erb4 also found that in the titration of 
PMMA 6800 using dithranol and potassium trifluoroacetate (KTFA), the addition of 3.5 
moles of KTFA was necessary to completely ionize the polymer.  
To further explore the idea that there exist certain matrix clusters that compete for 
the sodium cation with the polymer analyte, the low mass region of the PEG 
1500/dithranol mass spectra were studied. These results are displayed in Figure 4.28.  
As shown, when the system is starved for sodium a cluster at m/z = 475 Da [2M+Na]+ is 
predominant. The signal of that cluster decreases with addition of sodium. 
Simultaneously, other selected cluster ion at m/z = 685Da [(M-H2O)+(2M+Na)]+starts to 
rise. 
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Figure 4.28. Salt titration curves for the PEG 1500 sample using NaTFA as cationization 
reagent in 0.15M Dithranol (53% saturation) for S/A=0 to 0.13M IAA (46% saturation) 
for S/A=6 (at M/A= 2000). The sample was electrospray deposited for 10 seconds; 4 
mass spectra averaged. Error bars represent the 95% confidence intervals. Data were 
collected on a Bruker Reflex III equipped with a nitrogen laser.  
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Keller and Li20 reported that the intensity of the matrix cluster peaks decreased 
with increasing mass of the cluster. However, our studies show that under certain 
conditions the intensity of some clusters will increase with an increase of the amount of 
salt in the sample mixture. Also, note that these same cluster ions were not found in the 
sample prepared using 0.3M dithranol. The reason why matrix-clusters are not 
reproducible20 and why their occurrences and signal intensities can not be predicted is 
worth further investigation.  
DCTB was used as the fourth and most non-polar matrix in these S/A studies.  
As shown in Figure 4.29, the maximum S/A with DCTB was found at a 2:1 ratio.  
An interesting trend of the salt-to-analyte curve is presented by analysis with DCTB.  
At the lowest values of S/A there is not a linear increase as in all previous cases.  
Erb4 came across similar difficulties when he performed titration of PMMA 6000 in 
DCTB. He was able to distinguish a poly(propylene glycol) (PPG) contaminant in the 
background spectrum of matrix material and proposed that competition between two 
polymers for the cation may take place in the MALDI plume. Unfortunately, no PPG 
contamination was found in the DCTB matrix used in the following experiments, 
suggesting other reasons for the low signal in the low S/A regions. 
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Figure 4.29. Salt titration curves for two different oligomer peaks of PEG 1500 sample 
using NaTFA as cationization reagent in 0.15M DCTB for S/A=0 to 0.13M DCTB for 
S/A=6 (at M/A= 2000). The sample was electrospray deposited for 10 seconds; 4 mass 
spectra averaged. Error bars represent the 95% confidence intervals. Data were collected 
on a Bruker Reflex III equipped with a nitrogen laser.  
 
 
 
PEGOMe 2000 Salt-to-Analyte Ratio on Reflex III 
The effect of varying the end groups on the PEG polymer on the analyte S/A 
behavior was further investigated using a poly(ethylene glycol) monomethyl ether 
(PEGOMe) 2000 sample. Here, one hydroxyl group on the end of the polymer chain is 
substituted by a methoxy group. The S/A plot of PEGOMe using NaTFA as ionization 
reagent and DHB (at M/A=2000) as matrix is displayed in Figure 4.30. As shown in the 
figure a “rising” titration curve was obtained, and it took 3 moles of NaTFA to 
completely ionize one mole of PEGOMe.  
 
  172
DHB
0.0E+00
2.0E+04
4.0E+04
6.0E+04
8.0E+04
1.0E+05
0 1 2 3 4 5
Salt-to-analyte mole ratio (S/A)
A
ve
ra
ge
 P
EG
O
M
e2
00
0 
Pe
ak
Ar
ea
DP of 38
DP of 42
 
 
Figure 4.30. Salt titration curves for two different oligomer peaks of PEGOMe 2000 
sample using NaTFA as cationization reagent in 0.33M DHB (11% saturation) for S/A=0 
to 0.25M DHB (8% saturation) for S/A=6 (at M/A= 2000). The sample was electrospray 
deposited for 10 seconds; 4 mass spectra averaged. Error bars represent the 95% 
confidence intervals. Data were collected on a Bruker Reflex III equipped with a nitrogen 
laser.  
 
 
The effect of the choice of matrix on the PEGOMe 2000 analyte was further 
investigated using IAA as the matrix (at M/A= 2100). The salt titration curve is displayed 
in Figure 4.31.  Clearly, the non-ideal case was obtained with a cation saturation point at 
S/A = 2. Similarly, Figure 4.32 displays the S/A plot of PEGOMe 2000 using NaTFA as 
the cationization reagent and dithranol (at M/A =2000) as the matrix.   
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Figure 4.31. Salt titration curves for two different oligomer peaks of PEGOMe 2000 
sample using NaTFA as cationization reagent in 0.35M IAA (18% saturation) for S/A=0 
to 0.26M IAA (14% saturation) for S/A=6 (at M/A= 2100). The sample was electrospray 
deposited for 10 seconds; 4 mass spectra averaged. Error bars represent the 95% 
confidence intervals. Data were collected on a Bruker Reflex III equipped with a nitrogen 
laser.  
 
Dithranol
0.0E+00
2.0E+04
4.0E+04
6.0E+04
8.0E+04
1.0E+05
1.2E+05
1.4E+05
0 1 2 3 4 5 6
Salt-to-analyte mole ratio (S/A)
A
ve
ra
ge
 P
E
G
O
M
e2
00
0 
P
ea
k 
A
re
a
DP of 42
DP of 53
 
Figure 4.32. Salt titration curves for two different oligomer peaks of PEGOMe 2000 
sample using NaTFA as cationization reagent in 0.14M dithranol (18% saturation) for 
S/A=0 to 0.12M dithranol (43% saturation) for S/A=6 (at M/A= 2000). The sample was 
electrospray deposited for 10 seconds; 4 mass spectra averaged. Error bars represent the 
95% confidence intervals. Data were collected on a Bruker Reflex III equipped with a 
nitrogen laser.  
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Note, that there is an interesting shift of the saturation point to lower S/A values 
from S/A=3 in DHB, to S/A=2 in IAA and S/A=1 in dithranol. PEGOMe behaves in an 
opposite way to PEG; more salt is required to fully ionize the analyte in DHB than IAA 
or dithranol. This observation might suggest that PEG has a sodium affinity comparable 
to DHB as it ionizes in the 1:1 ratio. PEGOMe, on the other hand, might have sodium 
affinity close to dithranol. 
 
 
PEG(OMe)2 2000 Salt-to-Analyte Ratio on Reflex III 
The S/A plots for PEG in which both hydroxyl end groups are substituted by a 
methoxy end group were also studied. The S/A plot for poly(ethylene oxide) dimethyl 
ether (PEGOMe2 ) 2000 using NaTFA as the cationization reagent and IAA as matrix is 
displayed in Figure 4.33.  A “rising” type of the titration curve is observed, with signal 
increasing from S/A=0 to S/A=4 but then a “non-ideal” type would be assigned to the 
region of the curve above S/A>4. 
 
 
  175
IAA
0.0E+00
5.0E+03
1.0E+04
1.5E+04
2.0E+04
2.5E+04
3.0E+04
0 1 2 3 4 5 6 7
Salt-to-analyte mole ratio (S/A)
A
ve
ra
ge
 P
E
G
(O
M
e)
2 2
00
0 
P
ea
k 
A
re
a
DP of 34
DP of 38
 
 
Figure 4.33. Salt titration curves for two different oligomer peaks of PEGOMe2 2000 
sample using NaTFA as cationization reagent in 0.28M IAA (15% saturation) for S/A=0 
to 0.21M IAA (11% saturation) for S/A=6 (at M/A= 2000). The sample was electrospray 
deposited for 10 seconds; 4 mass spectra averaged. Error bars represent the 95% 
confidence intervals. Data were collected on a Bruker Reflex III equipped with a nitrogen 
laser.  
 
 
 
The salt titration curve for the PEGOMe2 2000 sample using NaTFA as the 
cationization reagent and dithranol as matrix is presented in Figure 4.34. Interestingly  
an “ideal” titration curve was obtained for this combination of polymer and matrix. 
 
 
  176
Dithranol
0.0E+00
2.0E+04
4.0E+04
6.0E+04
8.0E+04
1.0E+05
1.2E+05
0 1 2 3 4 5 6 7
Salt-to-analyte mole ratio (S/A)
A
ve
ra
ge
 P
E
G
(O
M
e)
22
00
0 
P
ea
k 
A
re
a
DP of 35
DP of 44
 
Figure 4.34. Salt titration curves for two different oligomer peaks of PEGOMe2 2000 
sample using NaTFA as cationization reagent in 0.17M dithranol (61% saturation) for 
S/A=0 to 0.14M dithranol (51% saturation) for S/A=6 (at M/A= 2000). The sample was 
electrospray deposited for 10 seconds; 4 mass spectra averaged. Error bars represent the 
95% confidence intervals. Data were collected on a Bruker Reflex III equipped with a 
nitrogen laser.  
 
 
 
PEG4600, AutoFlex, MAPLE Model to Estimate Binding Constants 
 Since non-covalent interactions between ions and small neutral molecules create a 
base for understanding more complex chemical and biochemical systems21, it is important 
to study the strength of those non-covalent binding forces. An attempt was made to 
estimate the binding constants of the sodium cation to PEG and PEGOMe in the four 
matrices. The estimated values may help explain the competition processes that take 
place in the gas plume after laser ablation.  
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Several sets of S/A plots were obtained on a Bruker AutoFlex III TOF mass 
spectrometer. The salt titrations were carried out using polymers of higher molecular 
weight, PEG 4600 and PEGOMe 4600, and various matrices. The observed S/A trends 
will not be described here, since they were already discussed in detail in the previous 
sections. S/A plots of eight analyte÷matrix combinations are shown in Figures 4.35 
through Figure 4.42. The results obtained from these MALDI titrations were used in the 
theoretical modeling to estimate the binding constant between the polymer and sodium 
cation.  
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Figure 4.35. Salt titration curve for the PEG 4600 sample using NaTFA as cationization 
reagent in 0.1M DHB (3.5% saturation, at M/A= 2000). The sample was electrospray 
deposited for 2 minutes; 6 mass spectra averaged. Error bars represent the 95% 
confidence intervals. Data were collected on a Bruker AutoFlex equipped with a 
Smartbeam Nd:Yag laser.  
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Figure 4.36. Salt titration curve for the PEGOMe 4600 sample using NaTFA as 
cationization reagent in 0.1M DHB (3.5% saturation, at M/A= 2000). The sample was 
electrospray deposited for 2 minutes; 6 mass spectra averaged. Error bars represent the 
95% confidence intervals. Data were collected on a Bruker AutoFlex equipped with a 
Smartbeam Nd:Yag laser.  
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Figure 4.37. Salt titration curve for the PEG 4600 sample using NaTFA as cationization 
reagent in 0.1M CHCA (15.5% saturation, at M/A= 2000). The sample was electrospray 
deposited for 2 minutes; 6 mass spectra averaged. Error bars represent the 95% 
confidence intervals. Data were collected on a Bruker AutoFlex equipped with a 
Smartbeam Nd:Yag laser.  
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Figure 4.38. Salt titration curve for the PEGOMe 4600 sample using NaTFA as 
cationization reagent in 0.1M CHCA (15.5% saturation, at M/A= 2000). The sample was 
electrospray deposited for 2 minutes; 6 mass spectra averaged. Error bars represent the 
95% confidence intervals. Data were collected on a Bruker AutoFlex equipped with a 
Smartbeam Nd:Yag laser.  
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Figure 4.39. Salt titration curve for the PEG 4600 sample using NaTFA as cationization 
reagent in 0.1M IAA (5.2% saturation, at M/A= 2000). The sample was electrospray 
deposited for 2 minutes; 6 mass spectra averaged. Error bars represent the 95% 
confidence intervals. Data were collected on a Bruker AutoFlex equipped with a 
Smartbeam Nd:Yag laser.  
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Figure 4.40. Salt titration curve for the PEGOMe 4600 sample using NaTFA as 
cationization reagent in 0.1M IAA (5.2% saturation, at M/A= 2000). The sample was 
electrospray deposited for 2 minutes; 6 mass spectra averaged. Error bars represent the 
95% confidence intervals. Data were collected on a Bruker AutoFlex equipped with a 
Smartbeam Nd:Yag laser.  
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Figure 4.41. Salt titration curve for the PEG 4600 sample using NaTFA as cationization 
reagent in 0.1M dithranol (35.5% saturation, at M/A= 2000). The sample was 
electrospray deposited for 2 minutes; 6 mass spectra averaged. Error bars represent the 
95% confidence intervals. Data were collected on a Bruker AutoFlex equipped with a 
Smartbeam Nd:Yag laser.  
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Figure 4.42. Salt titration curve for the PEGOMe 4600 sample using NaTFA as 
cationization reagent in 0.1M dithranol (35.5% saturation, at M/A= 2000). The sample 
was electrospray deposited for 2 minutes; 6 mass spectra averaged. Error bars represent 
the 95% confidence intervals. Data were collected on a Bruker AutoFlex equipped with a 
Smartbeam Nd:Yag laser.  
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An optimization program to calculate binding constants was written by Dr C. 
Rosenthal and used in this work. The program was written in MAPLE 13 software. The 
calculation algorithm is based on the following five equations: 
> eq1:=c1-(PNa+Na+MNa)*V;     Equation 4.2 
> eq2:=c2-(PNa+P)*V;      Equation 4.3 
> eq3:=c3-(MNa+M)*V;      Equation 4.4 
> eq4:=K1*P*Na-PNa;      Equation 4.5 
> eq5:=K2*M*Na-MNa;      Equation 4.6 
where c1 is the total concentration of sodium, c2 is the total concentration of polymer, c3 
is the total concentration of matrix, K1 is the binding constant between the polymer and 
sodium, K2 is the binding constant between the matrix and sodium, P is the concentration 
of polymer at equilibrium, M is the concentration of the matrix at equilibrium, Na is the 
concentration of salt at equilibrium, MNa is the concentration of the matrix-sodium 
complex at equilibrium, PNa is the concentration of the polymer-sodium complex at 
equilibrium, and V is the total volume of the sample solution, which was a constant value 
of 1200 (corresponding to 1200µL).  
The following equations describe the reactions that take place in the MALDI 
plume between the matrix, polymer and salt: 
[PEG] + [Na]+ Æ [PEG-Na]+    Equation 4.7 
        [Matrix] + [Na]+ Æ [Matrix-Na]+   Equation 4.8 
+
+
[PEG-Na]K1=
[PEG][Na]
        Equation 4.9 
+
+
[Matrix-Na]K2=
[Matrix][Na]
                  Equation 4.10 
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The program consists of two parts. In Part I, a Gröbner’s basis was utilized to fit all five 
equations into one and solve the obtained polynomial with many coefficients to obtain 
the equation for the concentration of PNa (variable T1). Eight solutions were determined. 
However, due to the fact that three of the solutions were simple first order equations (e.g., 
T1:= -c2+VPNa+VP), those equations were not an appropriate model to fit the complex 
experimental data. Four other solutions were found to be  second-order with respect to 
PNa. The third-order equation that would most accurately fit the data was used in further 
optimization. This equation (Equation 4.11) is provided below: 
T1 := K1*c2*V^2*PNa-K1^2*c2^2*c1+K1^2*c2^2*V*PNa-
2*K1^2*c2*V^2*PNa^2+2*K1^2*c2*V*PNa*c1-
K1*V^3*PNa^2+V^3*PNa^2*K2+V*PNa*c2*K1*K2*c3-V*PNa*K2*K1*c2*c1-
V^2*PNa^2*K1^2*c1+V^2*PNa^2*K2*K1*c2-
V^2*PNa^2*c3*K1*K2+V^2*PNa^2*K2*K1*c1+K1^2*V^3*PNa^3-
V^3*PNa^3*K1*K2;        Equation 4.11 
 
In Part II of the program, the LSSolve command in MAPLE was utilized to find the 
minimum of the least-squares values between the measured MALDI signal for the sets of 
experimentally obtained data (shown in Figures 4.35 through Figure 4.42) and the value 
calculated from the objective function, equation 4.11. The calculated results for the 
binding constant between the polymer and the sodium cation, K1, are summarized in 
Table 4.2.  
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Table 4.2.  Binding constant values calculated from the MAPLE model for the reaction 
between polymer and sodium, K1. 
 
Binding Constant Values, K1 
 PEG 4600 PEGOMe 4600 
DHB 213 678 92 000 
CHCA 64 829 55 789 
IAA 89 955 52 936 
 
 
The final values of K1 given in Table 4.2 were selected after iterative 
optimization when the minimum of the least squares of residual values were closest to 
zero. Unfortunately, it was found during the optimization that the K2 values also came 
out to be close to zero (e.g., K2=0.19-303). Since K2 describes the binding strength 
between the matrix and cation, there is certainly a problem with the model and continued 
work needs to be done on the model. One of the proposed solutions might to be to test 
some of the other equations obtained as solutions from the Gröbner’s basis in Part I. 
Another proposed solution might be to incorporate peak areas from the integrated 
[Matrix-Na]+ mass spectra into the objective function in order to reduce the number of 
unknown variables in the theoretical model. 
As can be noted, the values of K1 for the PEG 4600 sample in all four matrices 
are higher than those calculated for the PEGOMe 4600 analyte. The results suggest that 
PEG binds more strongly to sodium than PEGOMe does. Different polymer 
conformations obtained in a gas-phase have been reported by Gidden et al22. During the 
cationization of polyethers, the oxygen atoms surrounding the metal cation in the 
cationized PEG were found to form a planar 5-oxygen-coordinating ring around the 
cation, with a sixth oxygen bent out-of-plane to coordinate the cation from above and two 
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additional oxygens coordinated from below the ring. In this way a ball-like structure with 
a sodium metal cation inside was obtained. For the poly(propylene glycol), PPG, polymer 
the presence of methyl groups distorted the planarity of the ring and allowed only seven 
oxygens to coordinate to the sodium. The differences in the [polymer- Na]+ cross-
sections and means of coordinating the cation have an effect on the stability and strength 
of the [polymer-cation] complex.  
The differences in the binding constants between PEG and PEGOMe can be 
rationalized by noticing the differences in the end group on the PEG chain. The hydroxyl 
end group on the polymer chain is polar and more likely to be closely aligned with the 
sodium cation through the electrostatic interactions. These interactions might result in 
stronger binding. The methyl end group on PEGOMe is hydrophobic and creates more 
steric hindrance. It would be expected to point away from the sodium and bind weaker. 
Although the difference in binding strengths between two polymers is clear, it would be 
interesting to explain why the constants vary from matrix to matrix.  
The difference in the cationization efficiency between different length polymer 
chains was reported earlier by Schriemer and co-workers23, who noticed an increase in 
molecular weight distributions for a blend of polystyrenes when AgNO3 (used as 
cationization reagent) was limited.  The competition between short and long chain 
oligomers for the gas-phase sodium cation and preferential long-chain cationization was 
explained by Rashidezadehet al24. They concluded that the gas-phase product formation 
not only depends on the bonding energy but also on the size of the polymer and the 
collision rate.  Since the longer oligomers have a larger physical size, they would have a 
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higher collision rate with the metal ion, and would be expected to cationize and form 
more stable analyte-ion clusters more quickly than shorter oligomers.  
The binding energies as a function of the degree of polymerization of PEG were 
also calculated for different cations by Memboeuf et al18. The sodium binding energy for 
PEG of DP=17 was calculated to be 110 kcal/mol. According to their data the binding 
energy increased as the polymer chain length increased. The binding strength was also 
greater when the size of the cation was smaller (Li+> Na+ > K+ > Cs+). 
 
Conclusions 
 
These M/A and S/A studies were performed to better understand the cationization 
of polymer samples in MALDI. Using the examples of M/A plots for PEG 4600 and 
PEGOMe 4600 samples in four different matrices, the working hypothesis regarding the 
importance of the solubility of the sample components in one another was demonstrated. 
Better intensity signals for the analyte were obtained from the matrices of similar polarity 
and worse when the polymer and matrix were selected from opposite ends of the polarity 
spectrum. 
Salt-to-analyte titration studies indicate that matrix-cluster formation can be 
influenced by the amount of matrix (i.e., matrix solution saturation); however it is hard to 
predict the type of clusters that might be formed when specific sample conditions are 
met. Three types of salt titration curves, which are “rising”, “ideal” and “non-ideal” were 
obtained.  
An optimization program was written to calculate the binding constants between 
the polymer, matrix and sodium cation. It was shown that binding strength between PEG 
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4600 and sodium is greater than that between PEGOMe 4600 and sodium. The 
differences in the binding constants between PEG and PEGOMe were explained by 
noticing the differences in the end group on the PEG chain. 
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CHAPTER 5: EFFECT OF SAMPLE EVAPORATION 
Introduction 
It is known that most MALDI samples evaporate when placed under high 
vacuum (~10-7-10-8 Torr) in the mass spectrometer1 and that their evaporation is 
caused by their low sublimation points (e.g., Hsub =139  +/- 2 kJ/mol for 3,4-DHB2 
and ΔHsub =109  +/- 3 kJ/mol for 2,5- DHB3). Vacuum stability has been shown to 
play an important role while studying a large number of samples simultaneously, such 
as microarrays of biological samples4, or during MALDI imaging experiments1, 5. 
Since the analyte is ideally homogeneously incorporated within a large excess of 
matrix molecules and it is only released into the gas phase after the matrix absorbs 
UV light provided by the laser irradiation, slow matrix evaporation at extended 
interrogation times can affect the overall MALDI analysis and sometimes lead to 
unsuccessful analyses6.  
Two types of vaporization can be distinguished in the MALDI process. The 
first is fast sample sublimation caused by the thermal energy input from the laser 
irradiation3 that takes place within a few nanoseconds7 after the laser pulse. The 
second type is slow evaporation of the bulk matrix1. Slow loss of bulk matrix material 
is observed during prolonged sample exposure to the high vacuum of the mass 
spectrometer5. It is important not to confuse two important terms related to this 
process: evaporation and enthalpy of evaporation (sublimation). Evaporation is 
defined as the rate of sample loss, and it is expressed in μg of solid material that is 
vaporized from a specific area over a certain time interval8. Enthalpy of sublimation, 
on the other hand, is defined as the energy required to change one mole of the 
substance from the solid into the gas phase9,10. The process of evaporation is 
endothermic because energy is required to break the intermolecular bonds. As the 
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molecules leave the solid they may also take some energy with them. Enthalpy of 
sublimation is measured at a given combination of temperature and pressure.  
The rate of matrix evaporation depends on several factors, including: the size 
and surface area of the deposited solid matrix droplets, type of matrix used3, phase of 
the matrix (e.g., ionic liquid11, 12 matrices have greater vacuum stability compared to 
solid matrices), sample deposition technique (e.g., severe loss of matrix has been 
reported for the amorphous fine matrix surfaces produced via sublimation1), and 
sample thickness. Samples deposited by the dry-droplet technique are composed of 
larger crystals and matrix evaporation is generally not observed with DHB and 
CHCA under normal operating conditions. However, samples deposited by the 
electrospray technique consist of amorphous solid sample droplets on the average of 
500 nm in size13. Due to the very high surface area of these small particles the loss of 
material during vacuum exposure is large.  
In Chapter 3 it was shown how the he degree of matrix solution saturation 
affects the size of the electrosprayed solid droplets14, which in turn affects their 
surface area. As the surface area increases, the evaporation rate will increase as well 
since more molecules can be released from the larger surface area of a single droplet.  
A high concentration of matrix molecules in the gas phase above the solid 
sample will saturate the available space and reduce the evaporation rate, but since the 
MALDI samples are under vacuum, the evaporation rate is maximized due to the 
vapor pressure above the sample being zero. The identity of the matrix used is 
associated with different intermolecular forces and therefore would be expected to 
influence the rate of evaporation. Pressure and temperature will affect evaporation 
rate as well. With an increase of temperature more molecules have enough kinetic 
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energy to overcome the intermolecular forces and escape from the solid into the gas 
phase10. 
The stability of the matrix material in the vacuum system of the mass 
spectrometer was studied previously in our laboratory by Cynthia Chavez-Eng6. As 
described in her work, matrix evaporation has an important effect on the analyte peak 
areas obtained in MALDI6. It was further suggested that besides M/A ratio there 
might be other factors affecting the behavior of the sample in vacuum, including the 
composition of the sample mixture, ability of an analyte to be laser desorbed without 
the use of matrix, and the rate of sublimation of individual sample components.  
In the work described here an attempt was undertaken to characterize sample 
coverage along with describing the behavior of individual solid sample droplets 
exposed to vacuum for a prolonged time. The decrease in surface coverage with time 
the sample spends under vacuum was studied with optical microscopy. Sublimation, 
observed as the shrinkage of a single solid sample droplet, was also studied directly 
using AFM. 
 
Results and Discussion 
 
Matrix evaporation was studied using a sample of PEG 4600 with NaTFA as 
the ionization reagent (S/A = 2) and DHB as the matrix. The sample solution was 
prepared in THF and deposited by electrospray. It is known that the vapor pressure of 
PEG is low and it decreases as the molecular weight of the polymer increases15. 
Therefore an assumption was made that the matrix is more volatile than the analyte. 
Also, since low molecular weight polymers can be easily laser desorbed, high 
molecular weight PEG was chosen for this analysis. Samples sprayed on separate 
sample plates were inserted into the mass spectrometer individually. The MALDI 
 194
sample plates are made of stainless steel, while all of the optical and AFM work was 
performed using Si wafers. One might expect there to be differences in the electric 
field between the electrospray needle and the sample target where the identity of the 
sample target surface could affect the size of the particles formed. The use of SS 
versus Si might also affect the evaporation rate of the samples placed in the vacuum 
of the mass spectrometer. However, for this work, it was assumed that there were no 
differences due to the substrate identity. 
 
 
Single Droplet after Vacuum Exposure - AFM Measurements  
 
To examine the changes in matrix particles exposed to vacuum, selected 
individual solid sample droplets were analyzed by AFM. An experiment was 
performed where a known area was imaged before the sample was placed in the 
vacuum of the instrument. The major difficulty was to find exactly the same area on 
the sample to demonstrate evaporation of the same solid droplet. Since the droplets 
are µm in size, multiple ways to perform the measurements were explored. Marking 
the area with a pen and scratching the sample to provide characteristic lines as a 
frame of reference were tried first. Eventually, it was decided that the use of a metal 
grid would serve as the best marking technique. The experimental setup is shown in 
Figure 5.1. First, the sample was electrospray deposited on the silicon target. The 
metal grid was then attached to the piece of silicon on top of the sample spot as 
shown in Figure 5.1a. The metal grid was used in order to easily locate the same area 
for AFM imaging after the sample was exposed to vacuum. An optical micrograph of 
the sample obtained at 100x magnification is displayed in Figure 5.1 b. The dark 
lines represent the metal grid wires and the red square is the area selected for AFM 
imaging. A closer zoom of the area of micrograph b at 400 x magnification is shown 
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in Figure 5.1c. The picture in Figure 5.1d is an AFM image of the selected area that 
shows individual electrospray deposited sample droplets. The goal of the experiment 
was to monitor sublimation of a single drop that took place while the sample was 
placed under vacuum for 40 minutes.  
 
 
 
 
 
 
Figure 5.1. a) Photograph of a piece of silicon wafer coated with sample deposited 
by electrospraying. b) Micrograph of the same sample at 100x magnification. The 
dark lines are metal grids. c) Zoom of the area (400 x magnification) of micrograph 
b). d) AFM image of selected area to show individual droplets. Red squares 
represent the areas used for the optical and AFM imaging. 
 
 
 
 
 
 
 
 
 
c d
a b
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To quantitatively measure the changes in the individual droplets a number of 
AFM images were acquired from the sample before the piece of silicon wafer was 
placed in the mass spectrometer.  Figure 5.2 a and c shows AFM images of  
a PEG 4600 sample with NaTFA added as ionization reagent (S/A = 2) and 0.015M 
DHB as matrix (M/A = 1000, 0.5% saturation) at time zero. As noted previously in 
Chapter 3, there are droplets of various sizes and shapes, and they reach up to 5.5 μm 
in length. AFM images of the same area as shown in Figure 5.2a and c, after the 
sample was exposed to vacuum for 40 minutes, are displayed in Figure 5.2 b and d, 
respectively. Sample evaporation can be easily noticed when individual droplets, 
marked with numbers from 1 to 7, are compared. For example, droplet number 1 in 
Figure 5.2a is large before vacuum exposure, and it is found to significantly decrease 
in size (see the residue of the same droplet #1 in Figure 5.2b) after 40 minutes in 
vacuum. 
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 Figure 5.2. PEG 4600 sample with NaTFA as ionization reagent (S/A = 2) and 
0.015M DHB as matrix (M/A = 1000, 0.5% saturation). Sample electrospray 
deposited for 10 seconds at 5µL/min flow rate and 5.5kV.  Panels a,c - AFM image of 
the sample before the silicon wafer was placed in the vacuum. Panels b,d - AFM 
image of the same location as shown in panels a and c, respectively, after the sample 
was exposed to vacuum for 40 minutes. The sublimation/matrix evaporation is 
evidenced as a decrease in the droplet size.  
 
 
The change in the droplet area in [µm2] between time zero and 40 minutes of 
vacuum exposure was estimated by printing the micrograph, cutting out the piece of 
paper corresponding to individual droplets and then weighing them. The results are 
summarized in Table 5.1. On average the droplets’ area decreased by 26%. It is 
worth pointing out though, that this method only estimates the change in the droplet 
area and that each droplet is a 3-dimensional object. The height of the droplet should 
also be determined to gain a better idea of the overall changes in the solid droplets’ 
volume.  
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Table 5.1. Change in the particle area after 40 minutes exposure to vacuum for the 
particles shown in the AFM images shown in Figure 5.2. The mass in [mg] is for a 
piece of paper that was cut out that corresponded to an individual droplet. The mass 
was converted to the area in [µm2] of the AFM picture. 
 
M/A=1000 Time zero 
After 40 
min 
in vacuum 
Time zero 
After 40 
min 
in vacuum 
Area 
change 
Particle Mass [mg] Mass [mg] Area [µm
2] Area [µm2] [%] 
1 64.41 32.50 11.43 5.77 49.54 
2 49.44 47.08 8.78 8.36 4.77 
3 7.62 6.60 1.35 1.17 13.39 
4 27.07 20.70 4.81 3.67 23.53 
5 9.95 8.84 1.77 1.57 11.16 
6 8.10 3.79 1.44 0.67 53.21 
7 11.06 7.87 1.96 1.40 28.84 
 
 
The experiment was repeated with a sample prepared at higher matrix 
saturation to investigate whether there are any differences in evaporation from the 
droplets obtained by electrospraying solutions of higher matrix concentration.  
Figure 5.3 displays AFM images of a PEG 4600 sample with NaTFA as 
ionization reagent (S/A = 2) and 0.043M DHB as matrix (M/A = 3000, 1.39% 
saturation). As shown previously, a decrease in the sample droplet size was recorded. 
The changes in the droplet area in [µm2] were calculated and are summarized in 
Table 5.2. Unfortunately, due to the small number of particles found on the AFM 
images that could be compared before and after vacuum exposure, no additional 
information on sample behavior could be obtained. 
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Figure 5.3. AFM images of a PEG 4600 sample with NaTFA (S/A = 2) as ionization 
reagent and 0.043M DHB as matrix (M/A = 3000, 1.39% saturation). The sample was 
electrospray deposited for 10 seconds at 5µL/min flow rate and 5.5kV.  Panel a -AFM 
image of the sample before the silicon wafer was placed in the vacuum. Panel b -
AFM image of the same location as shown in panel a, respectively, after the sample 
was exposed to vacuum for 40 minutes. 
 
 
 
 
Table 5.2. Change in the particle area after 40 minutes of exposure to vacuum for the 
samples shown in Figure 5.3. The mass in [mg] is for a piece of paper that was cut 
out that corresponded to an individual droplet. The mass was converted to the area in 
[µm2] of the AFM picture. 
 
M/A=3000 Time zero 
After 40 
min 
in vacuum 
Time zero 
After 40 
min 
in vacuum 
Area 
change 
Particle 
Mass 
[mg] Mass [mg] 
Area [µm2] Area [µm2] [%] 
1 80.87 63.20 14.36 11.22 21.85 
2 113.16 56.55 20.09 10.04 50.03 
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Surface Characterization with Optical Microscopy 
To further explore sample behavior in the vacuum of the mass spectrometer 
and to obtain a more complete picture of the matrix evaporation, the sample surface 
was characterized using optical microscopy.  Optical images were collected from  
a PEG 4600 sample with NaTFA as ionization reagent (S/A = 2) and 0.057M DHB as 
matrix (at M/A = 5000, 1.8% saturation) as a function of time from zero - before 
placing the sample in the vacuum - to 90 minutes of vacuum exposure, as shown in 
Figure 5.4. The micrograph in Figure 5.4a was collected at time zero. Note that the 
silicon wafer (the light gray background) is ~90% covered with solid sample particles 
(the dark gray deposits). After the sample was exposed to vacuum the matrix droplets 
evaporate and reveal more of the silicon surface underneath the sample. Micrographs 
b, c and d in Figure 5.4 were collected after 30, 60 and 90 minutes of vacuum 
exposure. The droplets become smaller and more of the silicon target becomes 
visible. A gradual decrease in the surface coverage from the initial 87.5% to 49% 
after 30 minutes, 27.8% after 60 minutes to only 14.8% after 90 minutes can be 
observed. 
 
 
 
 
 
 201
a
   
b
 
c
   
d
 
Figure 5.4. Optical micrographs showing the change in coverage as a function of 
vacuum exposure. Micrographs of PEG 4600 sample with NaTFA as ionization 
reagent (S/A = 2) and DHB as matrix (M/A = 5000, 0.057M DHB, 1.8% saturation) 
were collected in the center of the sample spot. The sample was electrospray 
deposited on a silicon wafer for 10 seconds. Image a - obtained at time zero; b - after 
30 minutes of sample being in vacuum; c - after 60 minutes and d - after 90 minutes. 
 
 
 
Figure 5.5 plots the area covered by the matrix (displayed as the percent of 
the total surface area) as function of time under vacuum. Although DHB is known to 
outperform in the ability to generate ions in MALDI compared to other matrices16, its 
disadvantage is the low vacuum stability for the long analyses is clear from the plot in 
Figure 5.5.  
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Figure 5.5. Change in coverage as function of time under vacuum for a PEG 4600 
sample with NaTFA as ionization reagent (S/A = 2) and DHB as matrix (M/A = 
5000, 0.057M DHB, 1.8% saturation). The sample was electrospray deposited on the 
silicon wafer for 10 seconds. 5 measurements were averaged. Error bars represent the 
95% confidence intervals. 
 
 
 
 
Surface Characterization after Vacuum Exposure- Effect of Spray Time 
While surface coverage is not necessarily a major issue when using MALDI 
purely for qualitative analysis, complete sample coverage cannot be neglected for MS 
imaging experiments. Lack of complete sample coverage or non-uniform matrix 
distribution due to the loss of matrix under vacuum may pose a problem with data 
analysis when determination of the spatial distribution of the analyte is required.  
To study the effect of surface coverage on the sample stability in high 
vacuum, a set of experiments was performed using the optical microscopy technique. 
Characterization of the sample surface after vacuum exposure was undertaken using a 
PEG 4600 sample with NaTFA as ionization reagent (S/A = 2) and 0.043M DHB 
(M/A = 3000, 1.4% saturation) sprayed for 10, 20, 50, 80 and 120 seconds. Five 
optical images were acquired in the central region of each sample spot. The images 
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were collected at time zero (before placing the sample in the instrument), after 30 
minutes and after 60 minutes of vacuum exposure. Then, the images were processed 
and the percent area covered by the sample was calculated. Figure 5.6 displays the 
changes in coverage that take place in vacuum over time. Samples sprayed for 20 and 
120 seconds are purposely removed from the graph due to the large error bars that 
disrupted the clarity of the figure. Data for those two samples are provided in  
Table 5.3. A decrease in the % area covered is clearly observed for the samples 
sprayed for 10 seconds where the coverage was low. When the evaporation of the 
roughly spherical single droplets obtained at 0.043M concentration takes place, the 
droplet’s volume decreases. During such shrinking of all of the droplets deposited at a 
specific area, the surface of the target around the droplet is uncovered. The change is 
in the surface coverage can be related to the evaporation rate. 
Smaller coverage changes were recorded for samples whose surface was 
completely covered with sample before the analysis. It was shown in Chapter 3 that 
samples sprayed for 50 seconds were composed of a monolayer of droplets, with 
some on top of others. During evaporation from such multilayer samples only a small 
proportion of the molecules are located near the surface and are moving in the proper 
direction to escape the droplet at any given instant. For the samples with complete 
monolayer coverage, the rate of evaporation is limited to the droplets that are on top, 
directly exposed to vacuum. Since there are also droplets under the top layer of drops, 
the evaporation measured by monitoring the changes in the surface coverage can not 
be easily obtained. 
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Figure 5.6. Change in the coverage as function of time under vacuum for a PEG 4600 
sample with NaTFA as ionization reagent (S/A = 2) and DHB as matrix (M/A = 
3000, 0.043M DHB, 1.4% saturation). The samples were electrospray deposited for 
different times on a silicon wafer. 6 measurements were averaged. Error bars 
represent the 95% confidence intervals. 
 
 
Calculated results for the percent coverage are summarized in Table 5.3.  
A linear regression was performed for each spray time, and the slopes of the lines 
were compared. The sample sprayed for 10 seconds has the highest evaporation rate, 
as indicated by the largest negative value of the slope (-0.26, +/-0.03). According to 
the data, an approximately 52% decrease in the surface area coverage was recorded 
when the sample was left in vacuum for one hour. The sample sprayed for 20 seconds 
was affected to a lower extent. With the negative slope of (-0.13, +/-0.01) it might 
seem that longer time was needed for the droplets to evaporate and expose the silicon 
target. However, a comparison of the 95% confidence intervals for these 
measurements showed overlap of the confidence ranges, indicating there was no 
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statistically significant difference between the evaporation rates for these two 
samples.  
Complete monolayer coverage was obtained for PEG 4600 sample with DHB 
at M/A = 3000, (0.043M DHB, 1.4% saturation) when the sample was sprayed for 80 
seconds (refer to Chapter 3, Figure 3.39). Note, that according to the data in Table 
5.3, lower than 90% surface coverage was recorded for the sample sprayed for 120 
seconds. Although, it was expected to obtain 100% coverage, there might be 
experimental errors during either sample deposition or data collection that resulted in 
the lower % coverage values. 
  In general, as the sample deposition time increased it was observed that the 
changes in surface coverage with vacuum exposure were smaller. However, 
“multilayer” samples are expected to be produced at these longer spray times with the 
concentration of matrix used. Under these conditions, measurement of the sample 
evaporation rate using these optical microscopy “coverage” measurements would not 
be appropriate. 
 
 
Table 5.3. Summary of sample coverage results for PEG 4600 sample with NaTFA 
as ionization reagent (S/A = 2) and DHB as matrix (M/A = 3000, 0.043M DHB, 1.4% 
saturation).  
 
Spray time 
[sec] 
10  20  50  80  120  
 Average Coverage [%] 
Time under 
vacuum   [%] C.I  [%] C.I.  [%] C.I. [%] C.I [%] C.I. 
0   [min] 29.5 4.1 59.9 24.3 82.6 8.8 94.4 4.3 91.6 4.5
30 [min] 23.0 5.5 56.6 20.4 82.3 10.5 94.9 5.8 88.3 10.9
60 [min] 13.9 3.2 52.3 22.7 73.3 17.7 92.2 6.3 82.4 8.3
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 To further demonstrate that the general trend of sample evaporation can be 
monitored with optical microscopy only at low spray times, the same study as 
presented in Figure 5.6 and Table 5.3 was repeated at a higher matrix concentration. 
In Chapter 3 a change in particle size with matrix concentration was observed in 
moving from 0.015M DHB (0.5% saturation) to 0.11M DHB (3.56% saturation) 
matrix concentration. As the matrix saturation level increased the size of the solid 
particles also increased (refer to Figure 3.19). The droplets were drier and more 
spherical after impinging on the surface of the sample target. To study the effect of 
particle size on the evaporation rate a PEG 4600 sample with NaTFA as ionization 
reagent (S/A = 2) and 0.057M DHB (M/A = 5000, 1.8% saturation) as matrix was 
prepared. The solution was sprayed for 10, 20, 50, 80 and 120 seconds, and the 
change in coverage as a function of vacuum exposure time are shown in Figure 5.7.  
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Figure 5.7. Change in the coverage as function of time under vacuum for PEG 4600 
sample with NaTFA as ionization reagent (S/A = 2) and DHB as matrix (M/A = 
5000, 0.057M DHB, 1.8% saturation). The sample was electrospray deposited on a 
silicon wafer. 5 measurements were averaged. Error bars represent the 95% 
confidence intervals.  
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The evaporation rate, as indicated by the slope of the data for the individual 
sample sprays, was calculated. Table 5.4 provides the summary of the coverage 
results for this PEG 4600 sample. A slope of -0.80 (+/-0.13), -0.43 (+/-0.16), -0.06 
(+/-0.03), -0.006 (+/-0.003), and -0.0005 (+/-0.0004) were obtained for spray times of 
10, 20, 50, 80, and 120 seconds, respectively. Due to the fact that changing deposition 
time changes the coverage from a few droplets to monolayer to multilayers, a 
comparison between the plots shown in Figure 5.6 and Figure 5.7 should not be 
performed.  
 
 
Table 5.4. Summary of sample coverage results for PEG 4600 sample with NaTFA 
as ionization reagent (S/A = 2) and 0.057M DHB as matrix (M/A = 5000, 1.8% 
saturation). 
 
Spray 
time 
[sec] 
10  20  50  80  120  
 Average Coverage [%] 
Time 
under 
vacuum  
 [%] C.I.  [%] C.I.  [%] C.I [%] C.I [%] C.I
0   [min] 87.5 4.9 95.0 0.7 100.0 0.0 100.0 0.0 100.0 0.0
30 [min] 49.4 13.7 90.5 3.9 99.9 0.1 100.0 0.0 100.0 0.0
60 [min] 27.8 2.1 58.4 12.1 99.7 0.3 100.0 0.0 100.0 0.0
90 [min] 14.8 4.0 62.2 9.8 93.5 2.1 99.3 1.1 n/a n/a
 
 
 
 
An evaporation rate based on optical microscopy measurements can only be 
calculated for those samples that are sprayed for a very short time and provide less 
than monolayer coverage. Also, due to the low resolution of the optical microscope 
(0.52µm resolution), large variability between data has been obtained making it 
difficult to follow the small changes in the size of individual droplets. Though very 
simple in sample preparation and fast, the method might require further development.  
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Sample Evaporation Measured by MALDI - Low M/A 
 
Next, a number of experiments were performed to investigate how sample 
evaporation observed with AFM and optical microscopy could be related to the 
changes in the analyte signal obtained in the MALDI experiment. Figure 5.8 displays 
changes in the average peak area of PEG 4600 using NaTFA (at S/A = 2) as the 
cationization reagent and DHB as matrix. Two samples, denoted as AC (Analyte 
Constant) and MC (Matrix Constant), were prepared at the same matrix-to-analyte 
ratio (M/A = 700), yet at different values of matrix saturation. The AC sample 
contained DHB at a concentration of 0.01M (0.3% saturation), while the MC sample 
contained DHB at a concentration of 0.06M (1.9% saturation).  In total, 1.28 µg of 
matrix was deposited for the AC sample and 7.44 µg for the MC sample. As 
described in Chapter 3, the degree of saturation of the sample solution has an effect 
on the size, shape and number of particles deposited within a specific area on the 
sample surface. Samples sprayed from solutions of lower matrix saturation were 
found to produce solid particles that were flat and spread out; solid droplets sprayed 
from more saturated solutions were drier and more spherical in shape.   
Data points at time zero were collected right after the voltages were turned on. 
Then, additional mass spectra were collected at 10-minute intervals until no further 
signal was observed. As determined in another experiment the optimum M/A ratio for 
this sample was found to be at M/A = 2000 (refer to Chapter 4, Figure 4.17). This is 
important information and it will help explain results obtained in the following set of 
experiments. 
As shown in the M/A plot for the PEG 4600 polymer (Figure 4.17), the 
region of M/A below 2000 - on the left side of the M/A peak - is the region where the 
deficiency of matrix, compared to the amount of analyte, occurs. As the sample 
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spends more time in vacuum, more matrix is lost to evaporation, so it is expected that 
the M/A ratio would continue to decrease as time increases. The data in Figure 4.17 
then suggest that the observed MALDI signal should decrease with increasing time in 
vacuum. The expected result for the evaporation study would be a slow decrease in 
the analyte peak area with increase in time the sample is exposed to vacuum. As 
shown in Figure 5.8, a steady decrease in the MALDI analyte signal with increasing 
time in vacuum is indeed observed. 
Figure 5.8 shows that the analyte signal decreases steadily and reaches zero 
after the sample is exposed to vacuum for approximately 1.5 hours. Since matrix 
evaporated, less matrix molecules were available to desorb the analyte. The fact that 
the signal at time zero is higher for the MC sample than the AC sample agrees with 
previously described observations concerning surface coverage (see Figure 3.33); the 
more material that is deposited, the more material is available for desorption (the 
higher the surface coverage) and the higher the total analyte signal obtained. 
Although it would be expected to record signal approximately 5.7 times higher (the 
MC sample contained 7.44 µg of matrix and AC sample only 1.3 µg, which gives a 
ratio of 5.7), recall that the sample particle diameters at various matrix saturations are 
also different. The differences in the macroscopic spot diameters, as well as 
incomplete coverage, are several possible explanations for only a 2.3x higher signal 
measured for the MC sample at time zero.  
Table 5.5 and Table 5.6 provide information about the changes in the average 
peak areas obtained during the first half-hour of vacuum exposure. Table 5.5 
summarizes data for the AC sample, while the results obtained from the MC sample 
are displayed in Table 5.6. All data were recorded at 10-minute intervals. The signal 
decrease, calculated as a relative percent loss in signal intensity between the signal 
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measured and the sample at time zero, is also presented. It should be noted that after 
30 minutes only 8% of the initial signal intensity was observed for the AC sample.  
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Figure 5.8 Evaporation plot of PEG 4600 with NaTFA as ionization reagent at S/A = 
2 and DHB as matrix (M/A = 700). Sample prepared in 0.01M DHB (0.3% 
saturation, black triangles) and in 0.06M DHB (1.9% saturation, open diamonds). 
Samples were electrospray deposited at 5µL/min flow rate and 5.5kV for 10 seconds. 
Error bars represent 95% confidence intervals. 65% laser power. For the AC 
preparation, 1.28 µg was deposited, while for the MC preparation, 7.44 µg of matrix 
was deposited. 
 
 
 
Table 5.5. Summary of peak areas of PEG 4600 sample with NaTFA as ionization 
reagent (at S/A = 2) and DHB as matrix (M/A = 700, 0.01M, 0.3% saturation) 
prepared using the AC method as shown in Figure 5.8. A total of 1.28 µg of matrix 
was deposited. 
 
Time in 
vacuum [min] 
Average 
PEG 4600 
Area 
Signal decrease [%] 
(Area at t=0 min- Area at t= x min)/ 
Area at t=0 min*100 
0 4860769 n/a 
10 3362911 31 
20 1316592 73 
30 411789 92 
 
 211
As there was more sample material deposited for the MC sample, this allowed 
for a longer MALDI analysis, with approximately 59% of the initial analyte signal 
still being recorded after 30 minutes of vacuum exposure. 
 
 
Table 5.6. Summary of peak areas of PEG 4600 sample obtained using NaTFA as the 
ionization reagent (at S/A = 2) and DHB as matrix (M/A = 700, 0.06 M,1.9% 
saturation) obtained from Figure 5.8. A total of 7.44µg of matrix was deposited. 
 
Time in 
vacuum 
[min] 
Average 
PEG 4600 
Area 
Signal decrease [%] 
(Area at t=0 min- Area at t= x min)/ 
Area at t=0 min*100 
0 11099151 n/a 
10 8956070 19 
20 7665341 31 
30 6539847 41 
 
 
Linear regression was performed on the two evaporation curves in Figure 5.8 
and the two slopes were compared to investigate whether the evaporation rate is the 
same from samples of different matrix saturation. Recall that the level of saturation of 
the sample solution translates onto the size of the particles and thus their surface area. 
Initially wet and flat droplets would be expected for the AC sample, as has been 
shown in Chapter 3. More spherical droplets of larger surface area should be found 
when MC samples were deposited. Evaporation of the solid droplet is controlled by 
the surface area of the droplet. Minimizing the surface area-to-volume ratio should 
reduce the droplet’s evaporation17. The hypothesis to test was that droplets of higher 
surface area/volume ratio evaporate faster under the same instrument and vacuum 
conditions; the analyte signal decrease between 10-minute intervals should be 
different between AC and MC samples. If true, it is expected that the slope of the AC 
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curve would have a higher negative slope value than the one obtained for MC sample. 
The regression analysis was performed and results are summarized in  
Table 5.7. As shown, the slope of -153,933 for the AC sample is greater than the 
slope of -133,067 for the MC sample, however, based on the statistical analysis and 
overlapping confidence intervals for the slopes, there is not a statistically significant 
difference in these slopes. If higher precision data could be obtained, it might be 
possible to demonstrate that the MALDI signal can be used directly to investigate the 
size of the solid droplets via the evaporation rate. 
 
 
Table 5.7. Regression analysis results obtained for two samples of PEG 4600 with 
NaTFA as ionization reagent (S/A=2) and DHB as matrix. The AC sample was 
prepared at a matrix concentration of 0.01M (0.3% saturation), while the MC sample 
prepared at matrix concentration of 0.06M (1.9% saturation).  
 
 
Coefficients 
Standard 
Error t Stat 
Lower 
95% Upper 95% 
Intercept, AC 4,797,004 284,174 16.88047 3,574,299 6,019,709 
Slope, AC -153,933 15,189 -10.134 -219,289* -88,576 
Intercept, MC 10,484,730 294,859 35.55836 9,787,498 11,181,963 
Slope, MC -133,067 6,193 -21.4857 -147,712* -118,422 
* The slopes are not statistically different. 
 
Sample Evaporation Measured by MALDI - High M/A 
 
To further learn about the effect of the M/A ratio on sample evaporation, 
sample volatility studies were carried out on a PEG 4600 sample with NaTFA as 
ionization reagent (at S/A = 2) and DHB as the matrix at a high M/A = 3000 (0.043 
M, 1.39 % saturation). The sample was sprayed for 10 seconds and 50 seconds. The 
results of the first evaporation study are displayed in Figure 5.9. 
As sample is placed in the ion source of mass spectrometer and the matrix is 
lost due to evaporation, it is expected for the M/A ratio to decrease. Referring again 
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to the M/A plot in Figure 4.22, note that the M/A = 3000 point is above the optimum 
M/A ratio for a PEG 4600 sample. This suggests that one should observe the analyte 
signal to first increase with increasing time in vacuum and then, after reaching a 
maximum, the signal should decrease steadily. The expected trend for this sample of 
PEG 4600 is observed, as displayed in Figure 5.9. The analyte signal increases 
during the first 10 minutes, reaches its maximum at 10 minutes and then decreases 
until no signal is recorded after 50 minutes of vacuum exposure. 
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Figure 5.9. Evaporation plot of PEG 4600 with NaTFA as the ionization reagent at 
S/A =  2 and DHB as matrix (M/A = 3000, 0.043M, 1.39% saturation). Samples were 
electrospray deposited at 5µL/min flow rate and 5.5kV. Error bars represent 95% 
confidence intervals. 5.5μg was deposited when sample was sprayed for 10 seconds, 
and 27.3µg when sample was sprayed for 50 seconds. 
 
 
 
 
Similar observations were reported by Liu and He1 during their MALDI tissue 
imaging studies. The ion intensity from γ-aminobutyric acid increased initially with a 
decrease in the quantity of DHB but then decreased rapidly after a certain time. They 
explained their observation in terms of decreasing matrix thickness, whereas in the 
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work described in Chapter 4, this is seen to be the result of the effect of M/A ratio on 
analyte signal. The work of Liu and He1 again provides a context for the importance 
of the matrix evaporation issue on MALDI imaging studies. When a nitrogen laser 
with a 20-Hz repetition rate is used and 100 shots are collected for a single pixel, 
approximately 720 pixels can be imaged within an hour. To study a 1-cm2 sample 
with a spatial resolution (i.e., a pixel dimension) of 50 µm, the complete analysis 
would require about 55.6 hours.  
To study the effect of sample saturation on the MALDI evaporation an 
additional experiment was performed at higher M/A. The experiment was repeated 
using a PEG 4600 sample with NaTFA as ionization reagent (at S/A = 1.8) and DHB 
as matrix (M/A= 3000, 0.05M DHB, 1.7% saturation). The sample was sprayed for 
40 seconds to obtain better coverage of the surface (25.7 µg of matrix was deposited 
in this experiment). The results of this analysis are displayed in Figure 5.10. 
This repeated analysis confirms that the intensity of the cationized analyte 
ions vary as the amount of matrix changes with time in vacuum. The intensity of the 
analyte signal increases during the first 10-15 minutes of the analysis but then 
decreases as matrix continues to be lost due to evaporation.  
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Figure 5.10 Evaporation plot of PEG 4600 with NaTFA as the ionization reagent at  
S/A = 1.8 and DHB as matrix (M/A = 3000, 0.05M, 1.7% saturation). Samples were 
electrospray deposited at 5µL/min flow rate and 5.5kV for 40 seconds. Error bars 
represent 95% confidence intervals. A total of 25.7 µg of matrix was deposited.  
 
 
 
Evaporation of the MALDI matrix results from two processes: the loss of 
material due to laser ablation and the evaporation of material from the bulk sample 
caused by the exposure of the sample to the vacuum of mass spectrometer. As the size 
of the laser beam is small and a relatively small number of laser shots is required to 
produce a mass spectrum, most of the loss of matrix is due to the latter mechanism. 
Because longer deposition time was used and more material was deposited compared 
to the sample displayed in Figure 5.9, the analyte signal was observed for a much 
longer time before it decreased to zero. Note also that there is another interesting 
characteristic to the plot in Figure 5.10. The evaporation curve seems to consist of 
two parts; in the first region of the curve, between 10 and 40 minutes, the slope is 
steep and the analyte signal decreases rapidly. The second part of the curve, between 
40 and 110 minutes, is shallow and the signal decreases slower.  
The sampling of different size solid droplets upon laser irradiation may be the 
reasons for the two different regions of the MALDI evaporation plot. The fast 
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evaporation region may be attributed to signal obtained from both small and the large 
droplets being desorbed by the laser. It would be expected that the small droplets 
would evaporate from the bulk sample faster due to their relatively higher surface 
area to volume ratio. Once these small droplets evaporate (after about 40 minutes 
under vacuum), only large droplets will remain for laser ablation. The slope of the 
MALDI evaporation plot decreases because there is no more signal from the small 
droplets. It might be expected with a monodisperse sample of solid droplets that the 
evaporation would be exponential in nature, however, in this sample produced by 
ESD a mixture of very large and very small droplets was formed leading to the 
observed  two-slopes signal.  
Sadeghi and Vertes14 reported that small droplets may completely evaporate 
upon laser ablation while the larger droplets will be only partially “peeled” (as shown 
in Figure 5.11). They suggested that the smaller droplets generally produce better 
signal reproducibility14; however, it is not clear whether the ablation of the smaller 
droplets actually increases the measured MALDI signal. An important difference is 
that Sadechi and Vertes14 work was done on an instrument using a nitrogen laser for 
desorption and ionization, while this work was carried out using a Nd:YAG laser. 
 
Figure 5.11. AFM image of PEG 4600 sample with NaTFA as ionization reagent 
(S/A = 2) and 0.057M DHB as matrix (M/A = 5000, 1.84% saturation). Sample 
electrospray deposited for 30 seconds from 2 cm away, at 5µL/min flow rate and 
5.5kV.  Edge of the sample after 20-laser shot ablation. 
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A few ways to perform the experiments in a MALDI imaging experiment 
might be suggested in order to reduce the impact of matrix loss on the analyte during 
long interrogation times. The use of higher M/A ratios would be the first possible 
improvement; proper selection of a matrix characterized by a high value of enthalpy 
of evaporation would be a second way. The use of an internal standard might also 
significantly reduce the effect of matrix changes on the analyte ion formation 
efficiency. Also, simply using the atmospheric pressure MALDI technique18 rather 
than the traditional vacuum MALDI technique might be more beneficial. 
All of these suggested improvements should provide more reliable 
information about the distribution of an analyte across the imaged object. The 
chemical composition between the points on the image acquired at the beginning of 
analysis and after a few hours should be less influenced by loss of the matrix material. 
 
Conclusions 
 
The MALDI matrix vacuum stability studies described here have shown that 
evaporation is dependent on the M/A mole ratio, sample coverage and degree of 
matrix solution saturation. In order to perform high throughput sample analysis 
matrices of high vacuum stability should be selected. As matrix vapor pressure is 
higher compared to the vapor pressure of PEG 4600, when the matrix evaporates, the 
M/A ratio changes. To use MALDI mass spectral imaging for an extended analysis in 
a quantitative way it would be suggested that the electrospray deposition is performed 
at specific matrix saturation levels. Another solution for extending MALDI sample 
lifespan/analysis time would be by preparing samples at higher than optimum M/A 
ratios or using internal standards. Perhaps the best solution would be to utilize the 
atmospheric pressure MALDI technique18, rather than the traditional vacuum MALDI 
technique. 
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CHAPTER 6: SIGNAL ENHANCEMENT IN MALDI 
 
Introduction 
Although MALDI has been successfully used as a tool for the analysis of a 
wide range of different classes of molecules, there is still a need for a better 
understanding of the fundamentals of the desorption and ionization mechanisms 
operating in the technique.  
Better knowledge of the ionization mechanism in particular would enable 
more control over matrix selection and method development in order to improve 
sensitivity and avoid analyte fragmentation1. While researchers generally agree on the 
purpose of the matrix during the desorption process 2,3 (incorporation of analyte 
molecules in the solid sample, absorption of laser, release of analyte into the gas 
phase4), there are still many unanswered questions concerning the ionization process. 
The major reason why the ionization mechanism has not yet been completely 
identified and fully described is due to the complexity of the entire process and the 
variety of conditions (such as type of matrix and analyte, deposition technique, laser 
wavelength, instrument parameters, etc.) employed that can influence the result of the 
experiment.  
It is agreed that ion formation in MALDI can be divided into two processes: 
primary ion formation (which occurs within the first few nanoseconds) and secondary 
ionization, which is a result of subsequent gas-phase reactions in the desorbed 
plume1,5,6. While the secondary mechanism is well understood and agreed upon, the 
primary ionization step is still a subject of active study. 
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Two different models have been proposed for the primary mechanism: the 
“Lucky Survivor” model proposed by the Karas7 group and the photoexcitation model 
first considered by Ehring, Karas and Hillenkamp1 combined with energy pooling 
proposed by Knochenmuss8. 
The Lucky Survivor (also called the cluster model4,7 , shown diagrammatically 
in Figure 6.1) postulates that the charged clusters are preformed in the liquid 
solution, and they are then locked in the solid sample solution after sample 
deposition. Laser-induced ejection makes the clusters evaporate and frees the ions 
into the gas phase. If such ions are not neutralized by the counterions or by absorption 
of electrons from the metal target, they will be detected as the Lucky Survivors. 
 
 
 
Figure 6.1. MALDI primary ionization as explained by the cluster model. The 
positive mode of ion creation is presented with m = matrix, A = analyte, R− = generic 
counter-ion. Preformed ions are contained in clusters ablated from the initial solid 
material. Pre-charged analytes are freed by the ion evaporation. Partial neutralization 
by electrons or counterions takes place, but some ions, the Lucky Survivors, are 
detected. (Figure reproduced from reference 9) 
 
 
 
  222
The second model, photoexcitation model9 (shown in Figure 6.2), is based on 
the combined process of excitation energy migration within the solid matrix and 
energy pooling, a process that redistributes electronic excitation energy between 
adjacent molecules in the solid state. As displayed in Figure 6.2, when a matrix 
molecule in the ground singlet state (S0) absorbs a photon of energy, this molecule is 
promoted to the first excited singlet state (S1). In the S1 state the molecule does not 
possess enough energy to generate an ion. If, however, two matrix molecules are in 
close proximity to each other and both molecules are in their excited (S1) states, then 
through collisional energy pooling the total energy can be redistributed. One molecule 
will be excited to an even higher excited singlet energy level (Sn) and the other 
molecule will fall back to the ground state (S0). If another excitation is invoked and 
the molecule in its first excited energy state (S1) collides with the molecule in the 
higher excited energy level (Sn), the energy pooling would be sufficient for ionization 
of the matrix and formation of M+·(an overall three-photon process). The proponents 
of both of the models agree that the ions observed in the final mass spectrum may be 
significantly different from the ions generated in the primary ionization stage.  
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Figure 6.2. MALDI primary ionization explained by the photoexcitation and energy 
pooling model.9 S0 - molecule is a ground state, S1 - molecule absorbed a photon and 
was promoted to the first excited energy state, Sn - higher energy state levels. (Figure 
reproduced from reference 9) 
 
 
Signal Enhancement from Thin Samples 
A modified two-photon photoionization mechanism was developed and 
applied to explain the observation of ions from thin samples 5. It was shown in the 
past that MALDI samples behave differently on metal surfaces depending on the 
thickness of the sample spot10. Thin samples have shown signal enhancement in both 
positive and negative polarities on steel substrates5. Surfaces covered with a layer of 
gold were also reported to significantly increase ion yield of thin CHCA samples5. 
According to Knochenmuss and McCombie10 there is a possible mechanistic 
effect of sample thickness on the MALDI ionization efficiency. Easier ionization and 
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enhanced analyte and matrix ion yields would be expected when thin samples (in the 
range of a few hundred nanometers) are analyzed. Such enhancement in the 
ionization is associated with a reduction from three to two-photon excitation energy 
required to ionize the matrix from the steel target. This reduction is thought to occur 
when the LUMO of the matrix falls below metal conduction (Fermi) band of the 
sample target (an example is shown in Figure 6.3). More efficient matrix ionization 
occurs at a given laser intensity, which leads to the generation of more primary matrix 
ions; more collisions of these ions with the analyte molecules in the gas phase then 
results in the increased ion yields11. 
 
 
 
Figure 6.3. “Schematic of the molecular orbitals adsorbed on the surface of stainless 
steel (a) and gold (b). The vertical axis is to scale, with energy in eV versus the 
vacuum level. The metal conduction band is on the left of each panel, free DHB on 
the right.” Figure reproduced from reference 5. 
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There may be additional sources of signal enhancement for very thin samples. 
Two-photon excitation may be part of primary ionization of very thin samples due to 
the fact that the MALDI plume is very hot and its thermal energy can make up the 
difference between a two-photon excitation and ionization potentials of some matrix 
molecules9. Just recently Matry et al.12 reported an ultra-thin sample preparation 
technique that caused significant signal enhancement of proteins in nanodiscs of lipid 
bilayers.  
The work presented in this chapter will focus on sample characterization with 
respect to the distribution of analyte and matrix cluster ions. A special case of sample 
spots, the so called “donut-samples” will be described. Also, signal enhancement 
obtained with samples prepared with CHCA as the matrix will be shown. Ion signals 
for the several different CHCA cluster ions will be studied. The reason for the 
observed enhancement of the PEG 4600 signal will be sought in both the MALDI 
mechanism and sample preparation.  
 
 
Results and Discussion 
 
Analyte Distribution and Sample Profile- DHB Donut Effect 
During the study of sample spots obtained from various matrices it was 
observed that when the electrospray voltage was lowered using DHB as matrix, 
unusual looking spots were obtained. Sample solutions of PEG 4600 with NaTFA as 
the ionization reagent (at S/A =2) and DHB (at M/A =2000) as matrix at various 
matrix saturations were prepared. The voltage applied to the needle was set to 4.9kV 
and samples were sprayed for 2 minutes. Rotational motion of the spray and spray 
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meniscus elongation (similar to that shown in Figure 1.1 e) was observed while 
deposition was taking place. From the appearance of the spots (presented in Figure 
6.4 a-d) it was found that donut-shaped sample spots characterized by, what seemed 
initially, a thinner center and a thicker outer ring were obtained.  MALDI analyte 
signal for the PEG 4600 polymer was monitored to learn whether the position on the 
spot where the data was collected had an effect on the analyte signal. The position in 
the spot would be then related to the sample thickness or sample morphology. 
Effectively, the measurements would show the effect of sample thickness/ 
morphology on the analyte signal intensity. The sample was ablated to bare metal at 
multiple positions across the spot and average peak area of PEG 4600 analyte was 
used to plot as function of distance from the edge.  
All pictures presented in this chapter were taken with a 5 Megapixel (Carl 
Zeiss optics) digital camera on Nokia N95 cell phone. To avoid reflection from the 
polished steel sample plates the pictures were taken at a slight angle. Due to this 
slight angle the circular sample spots look oval in the pictures. Also the small sample 
spots etched on the Bruker MTP384 ground steel plate look oval but they actually are 
3 mm in diameter rings with approximately 1 mm spacing between one another. 
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Figure 6.4. Pictures of PEG 4600 sample with NaTFA as ionization reagent (S/A=2) 
and DHB as matrix at M/A=2000. Final concentration of matrix in the sample: a) 
0.0145M DHB, b) 0.05M DHB, c) 0.07M DHB, d) 0.1M DHB in THF. 
 
 
 
 
An experiment similar to the one described by Knochenmuss10 was 
performed. The idea was to investigate if signal enhancement can be observed from 
these very thin MALDI samples. It was expected to see higher intensity signal 
collected in the thinner middle regions of the sample spot. There were some 
differences between the experimental parameters used in Knochenmuss’ work and the 
data presented in this chapter that might affect the results presented here. The 
experimental differences included flow rate. Samples were sprayed for 2 minutes at 
5µL/min rate, whereas samples used by Knochenmuss were sprayed for a few 
minutes at a flow rate of 11nL/sec. Different solvents were used (chloroform versus 
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THF). Also, different analytes were investigated: biologicals versus polymers (where 
polymers require intentional addition of a salt to be ionized). 
Sample profiles were obtained for a PEG 4600 sample with NaTFA as 
ionization reagent (S/A=2) and DHB as matrix at M/A=2000 but at different matrix 
saturation. The area of the entire polymer distribution of the sodium cationized  
[PEG 4600+Na]+ signals was monitored and the results are displayed in Figure 6.5. 
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Figure 6.5. [PEG 4600-Na]+ ion signal of the entire PEG distribution for PEG 4600 
sample with NaTFA as ionization reagent (S/A=2) and DHB as matrix at M/A=2000. 
Final concentration of matrix in the sample: a) 0.0145M DHB, b) 0.05M DHB. Two 
separate measurements are shown with orange squares and brown diamonds. 
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Figure 6.5 (continued). [PEG 4600-Na]+ ion signal of the entire PEG distribution for 
PEG 4600 sample with NaTFA as ionization reagent (S/A=2) and DHB as matrix at 
M/A=2000. Final concentration of matrix in the sample: c) 0.07M DHB, d) 0.1M 
DHB in THF. Two separate measurements are shown with orange squares and brown 
diamonds. 
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Though slightly hemispherical profiles were obtained for the samples 
presented in Figure 6.5, there was no clear signal enhancement of PEG 4600 
recorded in the central region of the spot.  
 
Laser Drilling Experiment to Study Ion Yield 
A second experiment was undertaken to investigate the signal obtained from 
thin samples. The results reported by Knochenmuss10 suggested that signal 
enhancement of a lipid analyte in DHB as matrix in a methanol/CHCl3/water solution 
was observed at those positions where the laser was able to penetrate the sample and 
reach the surface of the steel target.  If true, the highest intensity signal should be 
obtained for the thinnest samples whose layers were in close proximity to the metal 
surface.  
Following Knochenmuss’ work a laser drilling experiment was performed to 
learn whether there is any enhancement of the polymer analyte signal. Recall that 
polymer samples require the addition of salt in order for the analyte to be ionized. To 
study signal enhancement the experiment was performed where the laser was fixed in 
one position and a series of 5-laser shot spectra were collected until bare metal 
underneath the sample was uncovered. A significant increase in the ion signal was 
expected when the “ablation well” reached the substrate. Results from a set of 
experiments with PEG 4600 in DHB at various deposition times and spots of different 
thicknesses are displayed in Figure 6.6 a-d. 
Shown in Figure 6.6 is the relationship between PEG 4600 peak area as 
function of individual, consecutive 5-laser shots. The larger the laser shot count value 
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(x-axis), the deeper the laser penetrated the sample until the surface of the steel target 
was reached. As can be seen, in all cases the analyte signal decreased steadily and 
remained at low values even after the laser reached the substrate. 
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Figure 6.6. [PEG 4600-Na]+ ion signal of the entire PEG distribution for sequential 5 
laser shots on sample sprayed for a - 30 seconds, b - 60 seconds, c - 90 seconds,  
d -120 seconds. Sample of PEG 4600 with NaTFA as ionization reagent (S/A=2) and 
0.07M DHB at M/A=5000.  
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Figure 6.6 (continued). [PEG 4600-Na]+ ion signal of the entire PEG distribution for 
sequential 5 laser shots on sample sprayed for a - 30 seconds, b - 60 seconds, c - 90 
seconds, d -120 seconds. Sample of PEG 4600 with NaTFA as ionization reagent 
(S/A=2) and 0.07M DHB at M/A=5000 
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Figure 6.6 (continued). [PEG 4600-Na]+ ion signal of the entire PEG distribution for 
sequential 5 laser shots on sample sprayed for a - 30 seconds, b - 60 seconds, c - 90 
seconds, d -120 seconds. Sample of PEG 4600 with NaTFA as ionization reagent 
(S/A=2) and 0.07M DHB at M/A=5000.  
 
 
 
Close inspection of the plots shows that there was no enhancement of the PEG 
4600 analyte signal from any of the studied samples. The lack of expected signal 
enhancement may be due to either the presence of sodium as ionization reagent and 
different mechanism of polymer ionization or the thickness of the samples itself. 
While Knochenmuss’ samples showed enhancement for spray times up to 20 seconds, 
the samples studied in this work were sprayed for 30 seconds and longer. It is 
possible that the samples were too thick, and therefore no differences in the analyte 
signal were observed. 
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Analyte Distribution and Sample Profile - PEG 4600 in CHCA 
To expand the understanding of the changes in the signal intensity across the 
spot, sample solutions of PEG 4600 with NaTFA as ionization reagent and 0.1M 
CHCA as matrix were prepared. The samples were prepared at a constant M/A=2000 
ratio but increasing amounts of salt. All samples were sprayed for 2 minutes. 
First, optical images were obtained to learn how visual changes on the surface 
relate to the S/A ratios. As shown in Figure 6.7 a, at low (S/A= 0.75, 3.7x10-5 M) 
NaTFA concentration, there was no visual change observed in the sample spot (i.e., a 
circular spot of one color was obtained). With an increase of salt in the sprayed 
solutions, however, sample spots began to look different.  Figure 6.7 b shows that a 
light colored ring appeared around the spot when the sample was prepared at S/A= 
1.5 (7.5*10-5 M salt concentration). The ring around the spot continued to get wider 
(reaching up to ~4 mm in width) as the amount of salt in the solution increased to 
S/A= 6 (3.0*10-4 M salt concentration, shown in Figure 6.7 c). A further increase in 
salt to S/A= 10 (5*10-4 M salt concentration) results in the generation of sample spots 
where the ring was 5-6 mm wide and only a small central part of the sample remained 
darker (Figure 6.7 d).  
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Figure 6.7. Pictures of ES deposited sample spots for PEG 4600 sample with 0.1M 
CHCA (at M/A = 2000) as matrix and NaTFA as cationization reagent. a) salt-to-
analyte 0.75, 3.7*10-5 M salt concentration, b) S/A= 1.5, 7.5*10-5 M salt 
concentration, c) S/A =6, 3.0*10-4 M salt concentration, d) S/A= 10, 5*10-4 M salt 
concentration. Samples sprayed for 2 minutes. 
 
 
These samples were then analyzed in the MALDI instrument. Samples were 
ablated to the bare metal at multiple positions across the spot and the average peak 
area of PEG 4600 analyte was plotted as a function of the distance from the edge. 
Figures 6.8 a-e show how the [polymer-Na]+ ion signal changes with the location on 
the sample spot. Moving from Figure 6.8a to 6.8e changes in the [polymer-Na]+ ion 
signal as the amount of salt in the sample increased are presented. 
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The sample displayed in Figure 6.8a was prepared to contain a S/A=0.75 
(3.7*10-5 M salt concentration). It was expected there would not be changes in the 
MALDI signal, as no optical changes in the morphology of the spot were recorded in 
Figure 6.7a. In fact, a fairly constant average peak area for the [PEG 4600+Na]+ ion 
signal is obtained, with only slightly lower signals recorded at the outer edges of the 
spot. The sample shown in Figure 6.8 b was prepared to contain S/A= 1 (5.0*10-5 M 
salt concentration). As noted, a 1-2 mm wide lighter-colored ring appeared around the 
sample spot. When MALDI was used to monitor the [PEG 4600-Na]+ signal across 
the spot, it was noted that the signal was low within the outer ring and a higher 
intensity was recorded in the darker inner region.  
Similar trends were recorded for the samples prepared at higher S/A ratios, 
particularly at S/A= 1.5 (7.5*10-5 M salt concentration) shown in Figure 6.8 c, at 
S/A= 3 (1.5*10-4 M salt concentration) shown in Figure 6.8 d, and at S/A= 6  
(3.0*10-4 M salt concentration) shown in Figure 6.8 e.  
A few sources for the observed differences in the MALDI signal were 
considered. As the S/A varied from spot to spot, and earlier work in Chapter 4 
indicated that the signal strength depends on the S/A ratio, it is not possible to 
determine whether the signals are higher in the center (i.e., signal enhancement 
occurs in the middle of the spot) or lower in the lighter outside ring (i.e., signal 
depletion is occurring around the edges). Additional possible reasons for the observed 
differences were considered, including different M/As or S/As across the spot 
(analyte signal dependence on the matrix and salt quantity was discussed in detail in 
Chapter 4). Auxiliary experiments using Laser Ablation Inductively Coupled Plasma 
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Mass Spectrometry (LA-ICP-MS) would be suggested to learn about sodium 
distribution in different positions on the spot. Another thought was that the size of the 
particles found in the center as compared to those found on the edges might affect 
MALDI signals. Sample thickness differences across the spot and signal enhancement 
from the thin central regions might also be the source of the variable signal intensity.  
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Figure 6.8. [PEG 4600-Na]+ ion signal of the entire PEG distribution for PEG 4600 
sample with NaTFA as ionization reagent at a - S/A=0.75 (3.7*10-5 M salt 
concentration), b - at S/A=1 (5.0*10-5 M salt concentration), c - at S/A=1.5 (7.5*10-5 
M salt concentration), d - at S/A=3 (1.5*10-4 M salt concentration), e - at S/A=6 
(3.0*10-4 M salt concentration) and 0.1M CHCA as matrix at M/A=2000.  
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Figure 6.8 (continued). [PEG 4600-Na]+ ion signal of the entire PEG distribution for 
PEG 4600 sample with NaTFA as ionization reagent at a - S/A=0.75 (3.7*10-5 M salt 
concentration), b - at S/A=1 (5.0*10-5 M salt concentration), c - at S/A=1.5 (7.5*10-5 
M salt concentration), d - at S/A=3 (1.5*10-4 M salt concentration), e - at S/A=6 
(3.0*10-4 M salt concentration) and 0.1M CHCA as matrix at M/A=2000. Two 
separate measurements are shown with orange diamonds and brown squares. 
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Figure 6.8 (continued) [PEG 4600-Na]+ ion signal of the entire PEG distribution for 
PEG 4600 sample with NaTFA as ionization reagent at a - S/A=0.75 (3.7*10-5 M salt 
concentration), b - at S/A=1 (5.0*10-5 M salt concentration), c - at S/A=1.5 (7.5*10-5 
M salt concentration), d - at S/A=3 (1.5*10-4 M salt concentration), e - at S/A=6 
(3.0*10-4 M salt concentration) and 0.1M CHCA as matrix at M/A=2000. Two 
separate measurements are shown with orange diamonds and brown squares. 
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Another interesting observation was that the intensity of the [PEG4600-Na]+ 
analyte signal monitored in the central region of the spot changed with an increase of 
salt in the sample mixtures. As seen in Figures 6.8 a-e the intensity of the cationized 
polymer increases first from 6*105 at S/A=0.75, to reach a maximum analyte signal 
intensity of 1*106 for S/A=1 and S/A=1.5, and then decreases to 8*104 as the amount 
of salt in the solution is increased to S/A=6. This observation is consistent with the 
S/A studies for PEG 4600 described in Chapter 4. 
According to the ion evaporation model (IEM) proposed by Iribarne and 
Thomson13,14 that is used to explain ion formation in electrospray ionization (ESI) 
mass spectrometry, there is a critical salt concentration of 10-4M (which would 
correspond to S/A =2 in these experiments) above which clusters and singly charged 
ions do not evaporate from the surface of an electrosprayed charged drop. Small ions 
dissolved in the liquid might still evaporate from the droplet’s surface15, however, 
large polymer analytes would remain in the liquid drop. Most of these droplets then 
turn into a “dry salt residue”. Since the major goal of the electrospray deposition is to 
lock the analyte inside a solid droplet of matrix before it reaches the surface of the 
target, the range of salt concentrations used in these experiments should be high 
enough to meet the above condition.  
Note that all the profile measurements presented in this chapter were carried 
out with MALDI mass spectrometry, which involves formation of ions in the gas-
phase; as such, it is difficult to predict what happens in the liquid solution.  More than 
two decades ago, however, Abuin et al.16 used ion selective electrodes to study the 
extent of small metal ion binding to poly(ethylene oxide), PEO, in aqueous solutions. 
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They observed no interactions of PEO with lithium in LiCl solutions, but recorded a 
significant decrease in the ionic concentrations, as well as an increase in solution 
viscosity when KCl was added to PEO solutions. Liquid conformations of PEO that 
are associated with different concentrations of salt in the organic solvent solutions 
were studied by Hakem and Lal17 as well. Three different regimes were established in 
those studies. Coiled PEG chains in solutions with no salt added were categorized to 
the first regime; binding regime at low salt concentrations where binding of salt 
cations to the PEO backbone led to the expansion of the polymer chain was the 
second regime. This extension of polymer was mainly induced by the repulsive 
electrostatic forces between charged monomers17, and for the system 
PEO/KI/Methanol at salt concentration of 0.05M, binding constant Keq= 4.3. The last 
regime was observed at very high salt concentrations. Ionic strength of the solution 
was so high that the binding of K+ to PEO became less favorable (PEO/KI/Methanol 
at salt concentration of 0.5M, Keq=0.5217), and the polymer again regained the 
conformation of the form present in the solution with no salt. 
It might be possible that the same form of PEG that occurs in a liquid phase is 
locked in the solid state during the liquid droplets evaporation and deposition. 
Perhaps depending on the form of the polymer chain preserved in a solid MALDI 
sample, different MALDI signals are observed.  
 
Analyte Distribution and Sample Profile- PEG-OMe 4600 in CHCA 
To investigate whether PEGOMe 4600 – a polymer with a different end group 
- would behave in the same way during deposition and create samples of an unusual 
profile, this experiment was repeated with PEGOMe 4600 and NaTFA as ionization 
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reagent with 0.1M CHCA as matrix. Samples were prepared at a constant M/A= 2000 
ratio but increasing amounts of salt. All samples were sprayed for 2 minutes. As 
previously described, an increase in the analyte signal was observed in the central 
region of the spot. Figures 6.9 a-c display changes in [PEGOMe 4600-Na]+ ion 
signal as a function of location on the spot and salt concentration. 
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Figure 6.9. [PEGOMe 4600-Na]+ ion signal of the entire PEGOMe distribution for 
PEGOMe 4600 sample with NaTFA as ionization reagent at a - S/A= 0.75  
(3.7*10-5 M), b - at S/A= 1 (5.0*10-5 M), c - at S/A= 3 (1.5*10-4 M) and 0.1M CHCA 
(M/A=2000). 
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Figure 6.9 (continued) [PEGOMe 4600-Na]+ ion signal of the entire PEGOMe 
distribution for PEGOMe 4600 sample with NaTFA as ionization reagent at a - S/A= 
0.75 (3.7*10-5 M), b - at S/A= 1 (5.0*10-5 M), c - at S/A= 3 (1.5*10-4 M) and 0.1M 
CHCA (M/A=2000). 
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Center versus Edge - Analyte and Matrix Cluster Distribution - PEG4600 in CHCA 
The observed differences in MALDI analyte signal could be due to many 
effects, some of which were listed in the earlier section. Because one of the reasons 
for the changes in the analyte signal could be the change in the amount of matrix (i.e., 
the M/A) across the sample spot, this led to an investigation of the distribution of 
matrix cluster signal across the sample spot.  
Multiple mass spectra (5 at each position) were collected at the edges and the 
center of the spot for the PEG 4600 sample prepared with NaTFA as ionization 
reagent (at S/A=6) and 0.1M CHCA as matrix. Figure 6.10 through Figure 6.12 
show the resulting mass spectra for the sample shown above in Figure 6.8e.  
Figure 6.10 displays the low mass region. The two overlaid mass spectra are 
collected at the edge (the green trace) of the spot and in the center (the black trace) of 
the spot. The overlaid picture shows that the intensity of the peaks is different 
depending on the position where the data are acquired. More small ions are generated 
around the edges of the spot. Figure 6.11 displays 1000Da range of the mass 
spectrum. As the molecular weight increases, more ions of higher m/z are obtained in 
the center of the spot than around the edges. Figure 6.12 displays the distribution of 
sodium cationized PEG 4600. A lower intensity signal was observed on the edges and 
higher in the center of the spot. 
The mean values for the peak areas of the various ions shown in Figures 6.10 
to 6.12 were calculated and compared statistically. Due to the high variability from 
spectrum-to-spectrum, large confidence intervals (CIs) were obtained, and the 
observed differences in peak intensity between the center and the edge of the spot 
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were not found to be statistically significant. However, as will be discussed below 
when describing Figures 6.14 through 6.16, the exact location on the sample spot 
where the compared mass spectra are collected is critical to whether statistically 
significant differences are observed. 
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Figure 6.10. Mass spectra of PEG 4600 analyte with NaTFA at S/A=6 (3.0*10-4 M) 
and 0.1M CHCA (M/A=2000). THF used as a solvent. Samples electrospray 
deposited. Low mass region. Data collected around the edges (green) and center 
(black) of the spot. 
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Figure 6.11. Mass spectra of PEG 4600 analyte with NaTFA at S/A=6 (3.0*10-4 M) 
and 0.1M CHCA (M/A=2000). THF used as a solvent. Samples electrospray 
deposited. CHCA clusters. Data collected around the edges (green) and center (black) 
of the spot. 
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Figure 6.12. Mass spectra of PEG 4600 analyte with NaTFA at S/A=6 (3.0*10-4 M) 
and 0.1M CHCA (M/A=2000). THF used as a solvent. Samples electrospray 
deposited. Polymer distribution. Change in the intensity of peaks collected at the 
edges (green) and center (black) of the spot is displayed.  
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Qualitative analysis of the spectra reveal that a number of CHCA clusters 
were formed. Some of the identified ions are shown in Figure 6.13. Identification of 
these matrix-clusters was reported previously18,19; the clusters masses can be 
calculated using the following formula: MCluster = nM + xH + yK + zNa, with x = y + 
z -1 and y + z =< n + 1. The composition of the identified CHCA cluster peaks is 
summarized in Table 6.1.  
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Figure 6.13. The mass spectrum obtained for PEG 4600 sample with NaTFA as 
ionization reagent at S/A=6 (3.0*10-4 M) and 0.1M CHCA (M/A=2000). Low mass 
region with some of the identified clusters of CHCA. 
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Table 6.1 Summary of selected observed CHCA clusters. Sample of PEG 4600 with 
NaTFA at S/A=6 (3.0*10-4 M) and 0.1M CHCA (M/A=2000). 
 
CHCA 
189.043 
-H 
1.0078
Na 
22.9898
K 
38.964
m/z 
1 0 1 0 212.047 
1 1 2 0 234.058 
2 0 1 0 401.323 
2 1 2 0 423.321 
2 2 3 0 445.325 
3 3 4 0 656.0634 
4 4 5 0 867.0879 
4 3 0 4 909.0017 
 
 
Incorporation Depth, Analyte and Matrix Cluster Distribution  - PEG4600 in 
CHCA 
Once the clusters were identified, five clusters at various m/z were selected 
and monitored to learn what the signal intensity distribution of the ions across the 
spot would be and how that distribution depended on the molecular weight of the 
monitored species. The following clusters were chosen for study: m/z= 190 [M+H]+, 
m/z= 212 [M+Na]+, m/z= 234 [M-H+2Na]+,  m/z= 445 [2M-2H+3Na]+, m/z= 656 
[3M-3H+4Na]+. PEG 4600 sample with NaTFA as ionization reagent at 5.0 *10-4 M 
(S/A=10) and 0.1M CHCA was chosen for the studies. The sample was sprayed for 2 
minutes to ensure sufficient sample thickness.  
In the first experiment, information about the ions collected from the surface 
of the sample was obtained. The ablation was performed with 5-laser-shots per 
position with the random walk mode on; this resulted in the desorption of the thin, 
upper layer of the sample surface. A total of a 100mass spectra were accumulated and 
the ion signal profiles across the spot were constructed and displayed in Figure 6.14.  
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Note, that the lightest sodiated ions of m/z= 212 Da [CHCA+Na]+ and 
m/z=234 Da [CHCA-H+2Na]+ give rise to the highest intensity signal. The signal is 
low around the edges, and it increases when moving towards the middle of the sample 
spot. A sudden depletion of those two ions can then be noticed in the central region of 
the sample spot. Equally intense [CHCA+Na]+ and [CHCA-H+2Na]+ may be the 
result of sodium cation binding strongly enough to CHCA to overcome any 
dissociation caused by the thermal energy in the gas-phase or any collisions with 
other matrix clusters.  
The intensities of signals of the two heavier clusters at m/z= 445 Da [2M-
2H+3Na]+ and m/z= 656 Da [3M-3H+4Na]+ are much lower, but they follow the 
same trend. The signals are low around the edges, rise slowly when moving towards 
the center of the spot, then decrease rapidly in the middle of the spot. Conversely, 
high ion signal intensity of [PEG 4600-Na]+ is recorded in the central region with low 
signals around the edges. 
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Figure 6.14. MALDI profiles of the spot for PEG 4600 sample with NaTFA as 
ionization reagent at S/A= 10 (5*10-4 M salt concentration) and 0.1M CHCA at M/A 
= 2000. Cluster signal intensity across the spot for the clusters at m/z= 190 [M+H]+, 
m/z= 212 [M+Na]+, m/z= 234 [M-H+2Na]+,  m/z= 445 [2M-2H+3Na]+,   
m/z= 656 [3M-3H+4Na]+. Sample sprayed for 2 minutes. 5 shots/position with 
random walk mode on. Total of 100 shots. 
 
 
The analysis was repeated, except that a total of 200-laser shots in a random 
walk mode and with 5-shots per position were collected. The results are displayed in 
Figure 6.15. The only expected difference between the results in Figure 6.14 and 
Figure 6.15 should be the average intensities obtained for the individual clusters. 
These very interesting results are likely the product of both the primary and 
secondary ionization mechanisms. The primary ionization event takes place when 
preformed salt-analyte and salt-matrix cations are liberated from the solid material. 
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These positively pre-charged ions with charge states preserved from the solution are 
incorporated in the matrix crystals and frozen upon drying. One should not forget, 
however, that the droplets that are deposited with electrospray deposition are already 
enriched in the positive charges20-21. If dissociation of NaTFA occurred in the spray 
needle, the anions and cations would move in the solution under the influence of the 
electric field21. The negative electrolytes would move away from the tip of the cone, 
whereas the positive ions would drift down attracted by the counter electrode. The 
droplets should not contain much negative counter-ions after detaching from the tip of 
the Taylor cone.  
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Figure 6.15. MALDI profile of the spot for PEG 4600 sample with NaTFA as 
ionization reagent at S/A= 10 (5*10-4 M salt concentration) and 0.1M CHCA at M/A 
= 2000. Cluster signal intensity across the spot for the clusters at m/z= 212 [M+Na]+, 
m/z= 234 [M-H+2Na]+,  m/z= 445 [2M-2H+3Na]+, m/z= 656 [3M-3H+4Na]+. 
Sample sprayed for 2 minutes. 5 shots/position with random walk mode on. Total of 
200 shots. 
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A modified experiment was performed to learn about species that were found 
throughout the sample. Figure 6.16 represents data acquired with 2000-laser-shot 
ablation. 2000 laser shots were directed at a single spot in order to desorb the sample 
to the bare metal. Figure 6.16 displays the ion intensities of five matrix clusters and 
[PEG 4600-Na]+ ion. As can be noted, the smallest sodiated matrix ion (m/z= 212 Da) 
gives rise to the highest intensity signal. The signal of the cluster at m/z= 234 Da is 
almost half the intensity of the m/z= 212 Da ion. The signals of the remaining two 
clusters at m/z= 445 Da and m/z= 656 Da are much lower. Note that all cluster 
signals are low around the edges, and then they rise slowly when moving towards the 
center of the spot, to decrease rapidly once the middle of the spot was reached. The 
PEG 4600 signal, on the other hand, behaves completely opposite to the matrix ions. 
It is low at the edges but increases significantly in the central portion of the sample 
spot. 
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Figure 6.16. MALDI profile of the spot for PEG 4600 sample with NaTFA as 
ionization reagent at S/A= 10 (5*10-4 M salt concentration) and 0.1M CHCA at M/A 
= 2000. Cluster signal intensity across the spot for the clusters at m/z= 190 [M+H]+, 
m/z= 212 [M+Na]+, m/z= 234 [M-H+2Na]+,  m/z= 445 [2M-2H+3Na]+,   
m/z= 656 [3M-3H+4Na]+.Sample sprayed for 2 minutes. Total of 2000 shots fired at 
one position. 
 
 
Referring back to the traces shown in Figures 6.10-6.12, mass spectra from 
the edge of the spot were collected in the center of the outer white ring, at 
approximately the 1.3cm position on the sample shown in Figure 6.16. Note that at 
this location the difference in the signal from center to edge is minimized. The data 
shown in Figure 6.16 shows that a larger and it would be expected statistically 
significant difference would be observed by comparing mass spectra obtained just 
inside the white ring to those collected at the center of the spot. 
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Height Profile Measurements with Laser Scanning Confocal Microscope 
The initial hypothesis that the MALDI signal is related to the sample thickness 
and that enhancement of the analyte signal is caused by the thinner regions of the 
sample spot was investigated further. A 3D laser scanning confocal microscope was 
used to acquire combined surface morphology and height information. Multiple 
micrographs across the spot were collected and were stitched together in the software 
to generate wide-view height profile for the PEG 4600 sample using NaTFA as the 
ionization reagent (at S/A=10) and 0.1M CHCA as the matrix. Figure 6.17 shows a 
picture of the measured sample obtained and the stitched image at 400x magnification 
obtained with the Keyence VK-X200 3D laser scanning microscope. 
 
a
b
 
Figure 6.17. a) Photograph of a PEG4600 sample with NaTFA at S/A=10 in 0.1M 
CHCA obtained with a digital camera on Nokia N95 cell phone; b) stiched image at 
400x magnification obtained with a Keyence VK-X200 3D laser scanning confocal 
microscope; the yellow line on the photograph indicates the location of the measured 
trace shown in panel b. 
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To obtain information about the sample thickness, the baseline height was 
measured by acquiring data from the sample plate, outside of the sample spot (far left 
and far right in Figure 6.17 b). Next, a 10-line-scan was performed across the spot to 
measure height differences between the surface of the plate and the top of the sample 
(displayed in Figure 6.18). 
 
 
Figure 6.18. Wide-view image of PEG 4600 sample with NaTFA (at S/A=10) and 
0.1M CHCA as matrix obtained from laser scanning microscope measurements. 10-
Line scan to measure thickness profile. 
 
 
 
 
Based on the 10-line scan, a sample height profile was calculated and is 
displayed in Figure 6.19. Note the seven vertical black grooves in the profile image 
in Figure 6.19b. These 13.8 µm deep grooves are spaced by 3.3 mm and were 
recognized as the grooves of the circles that mark 384 sample spots on the Bruker 
MTP sample plate. Three segments were selected on the sample spot for which the 
average height was calculated. The first segment, for which the thickness of 1.280 µm 
was obtained, was at a horizontal distance of 3.1 mm from the left edge of the sample 
spot (shown as a red, vertical line in Figure 6.19b). The thickness of 1.452 µm was 
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calculated for the second segment, selected at a horizontal distance of 7.6 mm from 
the left edge of the sample spot (indicated by the green vertical line in Figure 6.19b). 
The last segment was selected at a distance of 12.2 mm from the left edge, and the 
thickness was calculated to be of 2.443 µm (marked with blue vertical line in the 
Figure 6.19b). Surprisingly, the sample height across the spot was fairly constant, 
and there was no thinner region in the center of the spot as had been originally 
expected in viewing the visual images.  
 
d
e
a
b
  
 
Figure 6.19. Wide-view images of PEG 4600 sample with NaTFA (at S/A=10) and 
0.1M CHCA as matrix obtained from laser scanning microscope measurements. a- 
3D image of the spot, b- height profile across the sample spot 
 
 
Since there was no sample thickness difference that might help explain the 
signal enhancement observed when the MALDI data were collected, further 
investigation into the sample morphology was performed. Images were acquired from 
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both edges of the sample and from the middle of the spot, and the features appearing 
on the sample surface were compared. The images at 9000x total magnification are 
displayed in Figure 6.20 a-c. As noted, very small (in the range of 0.275 µm) round-
shape particles were found around the edges, in the regions where white ring was 
observed with optical microscopy. However, when the middle section of the sample 
spot was studied, elongated and more cylindrical structures were observed. The 
length of the particles was measured, and it appeared to be of 0.642 µm. Instead of 
providing a simple answer to why MALDI signal of PEG 4600 sample is enhanced 
when the data are collected in the center of the spot, the results obtained from the 
laser scanning microscopy opened another set of very intriguing questions.  
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Figure 6.20. Images acquired on the Keyence 3D laser scanning microscope, at  
408 nm laser wavelength. 9000 total magnification. a - left side of the spot, b - center, 
c - right side of the spot. 
 
 
 
 
 
a 
b 
c 
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Conclusions 
 
It was presented that during electrospray deposition of the samples prepared 
with CHCA as matrix and NaTFA at concentrations above 5*10-5M, samples that 
were visually different across the sample spot were obtained. With an increase in the 
quantity of salt in the sprayed solutions the outer white ring around the spot became 
wider. MALDI profiles of the spots were obtained by ablating the samples at multiple 
positions, by moving from one edge of the sample spot to the other and creating 
tracks across the spot. These profiles show that the matrix cluster signals were high at 
the edges of the spot, and they decreased in intensity while moving towards the 
middle of the spot. The reverse situation occurred when the cationized polymer 
analyte signal was monitored. Similar trends were recorded when the PEG 4600 
analtye was substituted with PEGOMe 4600. 
Confocal scanning microscopy measurements revealed that the samples that 
visually appeared as “donut-shape” samples with a thinner center and thicker edges 
actually had the same sample thickness across the spot. Changes in thickness did not 
play a role in the analyte signal enhancement; there were, however, different 
structural features that could be distinguished on the spot that might be the source of 
the enhancement. Smaller and rounder solid sample particles were observed in the 
white outside ring of the spot, while longer, cylindrical shaped particles were found in 
the middle of the sample spot.  
 
 
 
 
 
  261
References 
[1] Zenobi, R. and Knochenmuss, R., "Ion formation in MALDI mass 
spectrometry," Mass Spectrom. Rev., 17,  337-366, (1999). 
[2] Vertes, A., Irinyi, G. and Gijbels, R., "Hydrodynamic model of matrix-
assisted laser desorption mass spectrometry," Anal. Chem., 65,  2389-93, (1993). 
[3] Knochenmuss, R., "MALDI ionization mechanisms: an overview," 
Electrospray and MALDI Mass Spectrometry, Second ed., Hoboken, N. J., John 
Wiley & Sons, Inc.,  149-183, (2010). 
[4] Karas, M. and Krueger, R., "Ion formation in MALDI: The cluster ionization 
mechanism," Chem. Rev., 103,  427-439, (2003). 
[5] Knochenmuss, R., McCombie, G. and Faderl, M., "Ion Yields of Thin 
MALDI Samples: Dependence on Matrix and Metal Substrate and Implications for 
Models," J. Phys. Chem. A, 110,  12728-12733, (2006). 
[6] Kong, Y., Zhu, Y. and Zhang, J.-Y., "Ionization mechanism of 
oligonucleotides in matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry," Rapid Commun. Mass Spectrom., 15,  57-64, (2001). 
[7] Jaskolla, T. W. and Karas, M., "Compelling evidence for lucky survivor and 
gas phase protonation: the unified MALDI analyte protonation mechanism," J. Am. 
Soc. Mass Spectrom., 22,  976-988, (2011). 
[8] Knochenmuss, R. and Zenobi, R., "MALDI ionization: the role of in-plume 
processes," Chem Rev, 103,  441-52, (2003). 
[9] Knochenmuss, R., "Ion formation mechanisms in UV-MALDI," Analyst, 131,  
966-86, (2006). 
[10] McCombie, G. and Knochenmuss, R., "Enhanced MALDI ionization 
efficiency at the metal-matrix interface: practical and mechanistic consequences of 
sample thickness and preparation method," J Am Soc Mass Spectrom, 17,  737-45, 
(2006). 
  262
[11] Knochenmuss, R., "A bipolar rate equation model of MALDI primary and 
secondary ionization processes, with application to positive/negative analyte ion 
ratios and suppression effects," Int. J. Mass Spectrom., 285,  105-113, (2009). 
[12] Marty, M. T., Das, A. and Sligar, S. G., "Ultra-thin layer MALDI mass 
spectrometry of membrane proteins in nanodiscs," Anal. Bioanal. Chem., (2011). 
[13] Iribarne, J. V. and Thomson, B. A., "On the evaporation of small ions from 
charged droplets," J. Chem. Phys., 64,  2287-94, (1976). 
[14] Thomson, B. A. and Iribarne, J. V., "Field-induced ion evaporation from 
liquid surfaces at atmospheric pressure," J. Chem. Phys., 71,  4451-63, (1979). 
[15] Fernandez, d. l. M. J., "Electrospray ionization of large multiply charged 
species proceeds via Dole's charged residue mechanism," Anal. Chim. Acta, 406,  93-
104, (2000). 
[16] Sartori, R., Sepulveda, L., Quina, F., Lissi, E. and Abuin, E., "Binding of 
electrolytes to poly(ethylene oxide) in aqueous solutions," Macromolecules, 23,  
3878-81, (1990). 
[17] Hakem, I. F. and Lal, J., "Polyelectrolyte-like behavior of poly(ethylene-
oxide) solutions with added monovalent salt," Europhys. Lett., 64,  204-210, (2003). 
[18] Neubert, H., Halket, J. M., Fernandez, O. M. and Patel, R. K. P., "MALDI 
post-source decay and LIFT-TOF/TOF investigation of α-cyano-4-hydroxycinnamic 
acid cluster interferences," J. Am. Soc. Mass Spectrom., 15,  336-343, (2004). 
[19] Keller, B. O. and Li, L., "Discerning matrix-cluster peaks in matrix-assisted 
laser desorption/ionization time-of-flight mass spectra of dilute peptide mixtures," J. 
Am. Soc. Mass Spectrom., 11,  88-93, (2000). 
[20] Kebarle, P. and Tang, L., "From ions in solution to ions in the gas phase - the 
mechanism of electrospray mass spectrometry," Anal. Chem., 65,  972A-986A, 
(1993). 
[21] Kebarle, P. and Verkerk, U. H., "Electrospray: from ions in solution to ions in 
the gas phase, what we know now," Mass Spectrom. Rev., 28,  898-917, (2009). 
 
  
263
CHAPTER 7: DEVELOPMENT OF A COMBINED STANDARD 
ADDITIONS/INTERNAL STANDARDS METHOD TO QUANITFY 
RESIDUAL PEG IN ETHOXYLATED SURFACTANTS BY MALDI TOFMS
  
 
Introduction 
Commercially available synthetic poly(ethylene oxide) (PEO) based nonionic 
surfactants are widely used for various applications1. These polymers are typically the 
products of a condensation reaction between ethylene oxide and a molecule with an 
available –OH functional group.  The simplest PEO surfactant is the result of reaction 
with water.  More complicated PEO-based surfactants with the formula 
R1(OCH2CH2)nOR2, where R1 and R2 are generally hydrophobic end groups, are the 
products of the reaction of ethylene oxide and different alcohols.  These non-ionic 
surfactants are characterized by their exceptional dispersing properties, wetting, 
emulsification, and detergency behaviors2. They are non-toxic materials that are 
widely used to reduce surface tension, regulate viscosity3, and act as stabilizers.4 
In the production of PEO-based surfactants, it is often important to limit the 
amount of water present in the reactor.  Any residual water will also be ethoxylated to 
create polyethlene glycol (PEG).  Since a mixture of two surfactants often creates a 
surfactant formulation that exhibits different physical properties than either of the 
individual components, control of the amount of PEG in an ethoxylated surfactant is 
important. 
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry has 
been shown to be an effective analysis technique to characterize polymer 
materials.5,6,7,8,9 MALDI methods have been developed to analyze a wide range of 
polymer chemistry, especially materials like the majority of commercial PEO’s.  
Typical PEO-based surfactant materials are relatively low molar mass, are relatively 
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hydrophilic, and exhibit a relatively narrow polydispersity.  All of these 
characteristics make these materials very suitable for MALDI analysis.  The MALDI 
mass spectra can provide detailed chemical structure information about the PEO 
surfactants.  The ethylene oxide repeat units are readily demonstrated and mass 
information about the end groups can be determined.  The average molar masses of 
the polymer materials can also be readily determined. 
While MALDI has been very effective at measuring the chemical structure of 
individual polymer materials, it has generally struggled to effectively quantitate 
mixtures of different polymers.9  MALDI data can be used to identify different 
components in a blend through repeat unit and end group identification and 
measurement of average molar masses, but quantifying the relative amounts of the 
components in the blend is difficult.  The challenges in using MALDI to effectively 
quantitate polymer blends have both molar mass10 and chemical function (repeat unit 
and end group) causes.9  
Despite these challenges, there have been a few reports of successful 
application of MALDI to quantitative problems in biotechnology, such as low mass 
peptides (i.e.,<500Da),11,12,13 larger proteins,14,15 food oligosaccharides, anthocyanins 
in red wine,16 spirolide toxins in phytoplankton samples,17 ribonucleic acids (RNAs), 
and post-transcriptionally modified nucleosides.18 There have been a few isolated 
reports of successful quantitation in problems involving synthetic polymers.  Wood 
and co-workers demonstrated that quantitative measurements of 
polydimethylsiloxane (PDMS) type polymers could be performed using the relative 
ratio of the signal intensities of two molar mass distributions of the same PDMS.19 
Chen and He went one step farther and investigated the use of an internal standard 
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(IS) for the quantitative determination of three polymers with different end groups 
using poly(ethylene)glycol methyl ether (PEGOMe) as the IS.20  
Conventionally, polymer blends are typically analyzed using liquid 
chromatography techniques, such as high performance liquid chromatography 
(HPLC) or size exclusion chromatography (SEC), or spectroscopy techniques, such as 
nuclear magnetic resonance (NMR) or infrared absorption (IR).  All of these 
techniques can be powerful tools to measure polymer blends, however, the 
spectroscopic tools have difficulty distinguishing blends of different polymers with 
the same repeat units, especially if the end groups are either similar, or if the desired 
component is of relatively low concentration.  SEC is a powerful technique to analyze 
blends of polymers that have different molar masses, but cannot separate polymer 
blends with greatly overlapping molar masses.  To this point, HPLC has been the 
technique of choice to analyze chemically similar polymer blends.  While HPLC has 
been shown to solve these types of problems, the methods can be difficult to develop 
and time consuming to run.   
The goal of this work is to demonstrate a MALDI-based method to quantitate 
chemically similar polymer blends.  The internal standard based method of Chen and 
He20 is extended to include standard additions (SA) protocols.1  The combination of 
the IS and SA sample preparation helps compensate for the variation in absolute 
signal intensities from the MALDI experiment.  These variations are poorly 
understood and are due to many different variables including: sample preparation 
method, sample deposition method, laser fluence, instrument conditions, etc.   
 In these studies of polymer blends the PEO-based surfactant serves as the 
internal standard and the measured signal of the PEG contaminant is normalized to 
the signal of the surfactant. As customary in any SA experiment, for each analyte 
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material, a series of analytical samples is created containing the same amount of 
analyte and increasing quantities of a PEG standard. The selected group of 
compounds for this research was non-ionic ethoxylated surfactants with different R1 
and R2 end groups.  
 
Results and Discussion 
Method of Standard Additions 
In this work the ion signal from the added PEG standard and the ethoxylated 
surfactant analyte are observed simultaneously. Each standard additions experiment 
requires the analysis of seven binary mixtures with different amounts of the PEG 
standard added to the IS analyte.  The relative signal intensity of the PEG peaks is 
found to increase linearly with the amount of PEG standard added to the sample. This 
is demonstrated in Figure 7.1, where the growth of the relative signal intensity of the 
added PEG standard (denoted as A) to the PEGOMe (PS) internal standard (denoted 
as C) is shown.  
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Figure 7.1. MALDI mass spectra of mixtures of PEG 1500 (A) and PEGOMe (C). 
The sample in spectrum (a) contains 10 wt% PEG, while the sample in spectrum (b) 
contains 50 wt% PEG. 
 
Figure 7.2 shows a typical MALDI mass spectrum from the standard 
additions experiment involving the addition of 50 wt% PEG 1500 to the PEGOMe 
(PS) analyte.  The lower molecular mass distribution (marked as A) in Figure 7.2a is 
of the added PEG standard, while the higher molecular mass distribution (marked C) 
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is of the ethoxylated surfactant. Note that as shown in the expansion in Figure 7.2b, 
the peaks in the isotope clusters are clearly resolved; however, there is overlap in 
signal from oligomers of the different components of the sample.  In Figure 7.2b the 
isotope cluster for the sodium cationized PEGOMe oligomer at m/z=1728.01Da 
overlaps with the isotope cluster of the potassium cationized PEG oligomer at 
m/z=1729.97Da (in each case the monoisotopic mass corresponding to oligomers 
with a degree of polymerization (DP) of 38). While the sodium and potassium 
cationized oligomers were present in most of the spectra measured, the sodium-
adduct peaks were generally used for quantitation due to their greater intensity.  In the 
case of an overlap such as this, only the first two peaks in the PEGOMe isotope 
cluster were integrated and used in the standard additions calculations. In all cases 
studied there was sufficient separation of any overlapping differently cationized 
isotope clusters to enable the accurate integration of at least one peak that could be 
used for the analysis. 
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Figure 7.2. MALDI TOFMS spectrum of a mixture of 50 wt% PEG and PEGOMe 
(PS). The upper trace (a) shows two full polymer distributions  The expansion in trace 
(b) shows the three isotope clusters observed: A [PEG+Na]+, B an overlap of 
[PEGOMe+Na]+ and [PEG+K]+, and C [PEGOMe+K]+.  
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Table 7.1 summarizes the ratios of the measured peak areas of PEG relative to 
PEGOMe (APEG/AIS) at the seven different PEG concentration levels studied. It also 
provides relative standard deviations (RSD) and 95% confidence intervals used to 
determine the reproducibility of the analysis.  The small variability in the signal 
intensities was obtained due to the use of the ethoxylated surfactant as an IS in the 
standard additions experiment. Note that the PEGOMe (PS) sample used in this 
experiment was spiked with 5.6 wt% of a PEG 1500 standard, as preliminary work 
indicated this sample contained an undetectable amount of residual PEG.  
 
Table 7.1. Measured peak area ratios and spectrum-to-spectrum variability calculated 
for the analysis of the PEGOMe (PS) sample spiked with 5.6 wt% of a PEG 1500 
standard. The number of spectra contributing to the relative standard deviation is 4, 
and the coefficient of determination (r2) obtained for the analysis is 0.9939. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3 shows the standard additions plot created from the data contained 
in Table 7.1.  The plot shows a linear relationship with a coefficient of determination 
(r2) > 0.99.  To complete the standard additions calculation to determine the amount 
of PEG present in the spiked PEGOMe (PS) sample, the wt % of PEG in the 
unknown is calculated by dividing the value of the calculated y-intercept by that of 
Concentration of 
added PEG 
relative to 
PEGOMe 
[wt%] 
Absolute 
concentration of PEG 
added  
[µM] 
APEG/A IS 
Relative SD 
[%] C.I. 
0.0 0 0.07 4.6 0.005 
0.75 0.9 0.07 6.8 0.008 
2.27 2.6 0.09 5.9 0.009 
3.80 4.3 0.10 2.3 0.004 
7.70 7.98 0.11 4.4 0.008 
20.0 16.8 0.26 1.8 0.008 
42.9 26.8 0.51 4.3 0.035 
Average 
Relative SD   4.31  
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the slope.  For this sample the amount of PEG contamination was determined to be 
5.6 (+- 0.1) wt %, in excellent agreement with expectation. 
 
y = 0.0104x + 0.0583
R2 = 0.9939
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Figure 7.3. Normalized area of the PEG standard relative to the area of the PEGOMe 
(PS) analyte versus weight % of PEG added. Vertical error bars correspond to the 
95% confidence intervals (CI).  The coefficient of determination (r2) = 0.9939. 
 
 
Effect of Surfactant End Group on Internal Standard Response 
 
With the excellent results obtained for the determination of the quantity of 
PEG contaminant in the spiked PEGOMe (PS) sample, we extended this study to 
determine the amount of PEG contamination in a series of ethoxylated surfactants 
with different end groups.  The surfactants in the set were chosen to have similar 
average molar masses.  Previous work has shown the difficulties in making 
quantitative polymer blend measurements on polymers with significantly different 
average molecular masses.10 As shown in Table 7.2, the chemical structure of the end 
groups of the ethoxylated surfactants varied significantly. 
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Table 7.2. End groups of the ethoxylated surfactants used in the standard additions 
study. 
 
Ethoxylated Surfactant End Groups 
PEGOMe (PS) CH3OH 
PEGOMe (A) CH3OH 
Brij 35 C12H25OH 
D-50 C10 – C14 alcohols 
Octadecanol+EO C18 alcohol 
Brij 98 C18H35OH 
Igepal Co 890 C8-phenol 
Triton X305 C9-phenol 
PEGOMe2 CH3OCH3 
 
 
Figure 7.4 shows the plots of the PEG standard signal response normalized to 
the ethoxylated surfactant signal from the standard additions experiments.  As 
observed for the first case, the relationships are remarkably linear for every polymer 
investigated.  Table 7.3 contains the results of the standard additions experiments, 
including the slope, intercept, r2, and the calculated amount of residual PEG in each 
ethoxylated surfactant.  
These experiments have produced very consistent straight line results with 
every experiment having an r2 value > 0.97, and most being > 0.99. These 
ethoxylated surfactants show a wide range of residual PEG homopolymer in the final 
material.  Note that one of the PEGOMe samples in the study (i.e., PEGOMe (PS)) 
has no detected residual PEG, while the PEGOMe2 sample contains approximately 21 
wt% PEG contaminant.  
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Figure 7.4. Standard additions curves obtained for the eight different surfactants 
investigated. The plot is of the average peak area ratios for PEG to internal standard 
plotted against weight % of added PEG standard. Error bars represent the 95% 
confidence intervals. 
 
In both Figure 7.4 and Table 7.3 we observe significantly different apparent 
responses (i.e., slopes of the standard addition plots) for the various ethoxylated 
surfactants.  As the slope is the ratio of the measured PEG signal to that of the 
ethoxylated surfactant IS, this suggests that the response depends in some way on the 
contributions of the different end groups for the analytes.  The apparent response in 
the MALDI experiment of the different polymer materials does not appear to 
correlate with the relative hydrophilicity or hydrophobicity of the end group.  The 
response also does not appear to correlate with the relative strength of the surfactant 
as defined by the hydrophilic-lipophilic balance (HLB) value.  The different 
responses observed in these experiments is interesting, and with further work may 
provide a better understanding of the different responses of polymer materials 
observed in the MALDI experiment. 
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Table 7.3. The determined quantity of PEG contaminant in the ethoxylated 
surfactants studied using the combined internal standard standard additions MALDI 
method. 
 
Surfactant Slope Intercept r2 wt% PEG 
PEGOMe (PS) 0.0145 -0.0247 0.996 ND 
PEGOMe (A) 0.0129 0.0494 0.981 3.8 (+/- 0.1) 
Brij 35 0.0143 0.0863 0.990 6.0 (+/- 0.1) 
D-50 0.0115 0.0236 0.977* 2.1 (+/- 0.3) 
Octadecanol+EO 0.0033 0.0326 0.989 9.8 (+/- 0.1) 
Brij 98 0.0017 0.0249 0.990 14.8 (+/-0.1) 
Igepal Co 890 0.0169 0.0046 0.997 0.3 (+/- 0.8) 
Triton X305 0.0067 0.0426 0.993 6.4 (+/- 0.1) 
PEGOMe2 0.0074 0.155 0.980 21.0(+/-0.1) 
 
ND = not detected 
* potassium cationized peaks included in total peak area of both polymers 
 
Effect of Choice of the MALDI Matrix 
All of the standard addition experiments described above were completed 
using DHB as the MALDI matrix.  To explore the influence of the choice of matrix 
on the standard additions results, the PEGOMe (PS) sample was spiked with 5.4 wt % 
of the PEG1500 standard and then prepared as described in the experimental section 
with three different matrices. Except for the laser energy all other instrumental 
parameters were kept constant. Note that the laser energy had to be optimized for 
each matrix due to the very different molar absorptivities of these materials at the 
nitrogen laser wavelength.  As shown in Figure 7.5, the measurements generated 
straight lines characterized by high coefficients of determination (r2 > 0.99).  
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Figure 7.5. Standard addition curves for determination of the wt% PEG in the PEG-
OMe (PS) sample spiked with 5.4 wt% PEG 1500 in three MALDI matrices: DHB, 
CHCA, and IAA. Error bars represent the 95% confidence intervals. 
 
Table 7.4 provides a summary of the data obtained in the regression analysis. 
This set of experiments shows a small effect of the choice of the MALDI matrix.  
There are small but statistically significant differences in the quantity of the residual 
PEG determined using the three different MALDI matrices. While these differences 
are statistically significant, differences this small are generally not significant to the 
polymer and formulation chemists, as the 0.2 wt% differences observed will have 
little impact on the surfactant properties of the mixture. 
Table 7.4. Summary of the standard addition data obtained from analysis of the 
PEGOMe (PS) sample spiked with 5.4 wt% PEG1500 using different matrices. 
 
Matrix Slope Intercept PEG from the 
slope, [wt%] 
2,5-DHB 0.01050 0.0549 5.2 (+/-0.05) 
CHCA 0.00808 0.0441 5.4 (+/-0.09) 
IAA 0.00884 0.0439 5.0 (+/-0.07) 
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Effect of Molar Mass of the Selected PEG Standard 
In previous work we have observed important issues with quantitative 
measurements of polymer blends when the polymers composing the blend have 
significantly different average molar masses.10  To extend our understanding of the 
role of the polymer average molar mass in these quantitation studies, we investigated 
the influence of the average molar mass of the PEG standard used in the standard 
addition experiments.  We examined adding PEG standards having average molar 
masses of 1000, 1500, 2000, and 3500 Da to the PEGOMe (PS) sample that was 
spiked with 5.4 wt % of the PEG1500 standard.  Figure 7.6 shows representative 
mass spectra from these experiments. 
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Figure 7.6. Representative mass spectra of the PEGOMe (PS) analyte (distribution 
denoted by C whose average molar mass appears at approximately 2000 Da) with the 
addition of PEG standards of 1000, 1500, 2000 and 3500 Da molar mass in spectra  
a-d, respectively.  
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Figure 7.6 (continued). Representative mass spectra of the PEGOMe (PS) analyte 
(distribution denoted by C whose average molar mass appears at approximately 2000 
Da) with the addition of PEG standards of 1000, 1500, 2000 and 3500 Da molar mass 
in spectra a-d, respectively.  
 
 
The results in Table 7.5 show a significant influence of the average molar 
mass of the added PEG standard on the measured wt% PEG determined from the 
standard additions experiments.  These results verify previous observations that 
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average molecular mass plays a significant role in the ability to accurately quantify 
polymer blends.21, 22, 8. Our interpretation of these results is that the most accurate 
wt% PEG quantitation will be obtained when the added PEG is closest in average 
molar mass to the observed residual PEG in the ethoxylated surfactant. 
 
 
Table 7.5. Influence of the molar mass of the PEG standard added on the calculated 
wt% PEG in the PEGOMe (PS) sample spiked with 5.4 wt% PEG1500. 
 
PEG Molecular 
Weight 
%PEG 
Calculated 
Difference [%]* Average 
%CV** 
1000 1.7 -69.4 6.4 
1500 5.5 1.2 3.5 
2000 13.2 142.1 3.5 
3500 43.9 705.5 4.2 
*Difference is calculated from spiked value 
**Average %CV includes data from five replicates 
 
 
It is interesting to note that the observed differences with average molar mass are 
not randomly distributed.  We observe a nominally linear change in the difference 
between the calculated and expected quantity of PEG with an increase in the average 
molecular mass of the added PEG.  When a lower average molar mass standard is 
used (1000 Da), we measure less residual PEG, and as higher molar mass standards 
are used we measure increasing amounts of residual PEG in the surfactant analyte.  
These results may also help us better understand the relative responses of different 
polymeric materials in the MALDI experiment.  
 
Effect of Choice of Sample Deposition Technique 
The standard addition results given above in Table 7.3 were obtained from 
experiments performed using the electrospray deposition technique. Dry drop 
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deposition was also evaluated to uncover any differences associated with the sample 
preparation procedure. Dry-drop samples were analyzed in two ways. One set of 
experiments was performed on samples deposited “all-at-once” on the sample holder. 
In these experiments the sample plate with multiple deposited spots was placed in the 
instrument, and mass spectra were acquired from the spots in order from the lowest 
concentration of PEG added to the highest. A second set of experiments was done on 
samples deposited using the dry drop technique in a “one-at-a-time” manner, where 
each sample solution was spotted on the plate and mass analyzed individually. As the 
matrix/analyte crystals formed by evaporation of the highly volatile THF solvent are 
extremely small, this “one-at-a-time” technique was used because it was noted that 
the samples prepared using the “all-at-once” approach visually appeared to evaporate 
during the relatively short measurement time. All three experiments (displayed in 
Figure 7.7) generated standard addition plots with high coefficients of determination 
(r2> 0.995). There was no statistically significant difference between the slopes 
obtained for the electrospray and “one-at-a-time” dry drop deposition techniques. 
There was, however, a statistically significant difference in the slope of the curve 
obtained for the dry drop sample preparation when all spots were analyzed “all-at 
once”. For a spiked PEGOMe (PS) sample with 5.4 wt % PEG added, the dry-drop 
“all-at once”, dry-drop “one-at-a-time”, and electrospray deposition methods yielded 
results 5.3, 5.2 and 5.5 wt % PEG, respectively (which correspond to relative errors 
of -2.5, -4.8 and 1.2%). Note that these values are all identical within experimental 
error. While there is a statistically different slope for the “all-at-once” samples, there 
is apparently a compensating change in the y-intercept value. It may only be 
fortuitous that the calculated residual PEG values are the same; if the samples were 
measured in reverse order of concentration, or in a random order of concentration, or 
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if they were prepared at a different matrix-to-analyte ratio, the calculated quantity of 
PEG for the “all-at-once” measurements may have been different.  
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Figure 7.7. Standard addition curves for determination of the wt% PEG in the  
PEG-OMe (PS) sample spiked with 5.4 wt% PEG 1500 performed using three 
deposition techniques: dry drop “one-at-a-time”, dry drop “all at once” and 
electrospray. 
 
 
Note that in this case the “one-at-a-time” dry drop results do agree with those 
obtained via electrospray deposition. Some may suggest that this argues that 
electrospray deposition is generally not required in order to obtain highly 
reproducible results. However, the use of DHB (or CHCA) as a matrix for these 
ethoxylated materials, particularly with the fast evaporating THF solvent, yields a 
homogeneous mixture of matrix, analyte and cationization reagent on the sample 
surface. It is the homogeneity of the solid MALDI samples that is critical to the 
highly reproducible MALDI signals observed. In our experience, electrospray 
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deposition is needed when there are larger differences in molecular properties 
between the different components of the MALDI sample.  
 
Effect of Salt-to-Analyte Ratio 
In Chapter 4 it was observed that the ionization efficiency of the polymer 
depends on the amount of salt added to the system, and that different ionization 
efficiencies were observed for the PEG 1500 and PEGOMe 2000 polymers.  To better 
understand the role that the amount of cationization reagent plays in these 
quantitation studies, the influence of the salt-to-analyte ratio used in the standard 
addition experiments was studied.  A PEGOMe (A) sample was spiked with 10.5 wt 
% of the PEG 1500 standard and quantitatively evaluated at S/A = 0.8, 1.6, 2.5, and 
4.0.  The standard addition curves created using these conditions are shown in  
Figure 7.8.  
Statistical analysis of the data in the figure shows that the slopes of the 
measured standard addition curves differ from one another (the summary of the 
intercept and slope information is provided in Table 7.6). Specifically, the slopes of 
the curves obtained at S/A = 0.8 and S/A = 1.6 were not statistically different, 
however, there were statistical differences between these two slopes and the slopes 
obtained for the curves at S/A = 2.5 and S/A = 4. Further statistical analysis showed 
that there were no significant differences between the intercepts of the four plots. 
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Figure 7.8. Measured standard addition curves for determination of the wt % of 
residual PEG 1500 in a PEGOMe 2000 (A) sample containing 10.5 wt % PEG 1500 
performed using different salt-to-analyte ratios: S/A= 0.8 (black diamonds), S/A= 1.6 
(pink squares), S/A= 2.5 (green circles), S/A= 4 (open blue triangles). 
 
 
 
 
Table 7.6. Summary of intercept and slope values of curves in Figure 7.8 for 
determination of the wt % of residual PEG 1500 in a PEGOMe 2000 (A) sample 
containing 10.5 wt % PEG 1500 performed using different salt-to-analyte ratios.  
 
 Coefficients Standard Error t -Stat 
Lower 
95% 
Upper 
95% 
Intercept S/A=0.8 0.1165 0.0059 19.6252 0.1043 0.1287 
Slope S/A=0.8 0.0091 0.0003 30.0597 0.0085 0.0097 
Intercept S/A=1.6 0.1053 0.0043 24.6957 0.0965 0.1142 
Slope S/A=1.6 0.0097 0.0002 47.8156 0.0093 0.0101 
Intercept S/A=2.5 0.1149 0.0059 19.4866 0.1025 0.1273 
Slope S/A=2.5 0.0115 0.0003 44.3209 0.0110 0.0121 
Intercept S/A=4 0.1234 0.0056 22.1851 0.1119 0.1350 
Slope S/A=4 0.0136 0.0003 49.0943 0.0130 0.0142 
 
 
 
 
Next, the calculated wt % PEG obtained from the standard additions analysis 
was evaluated against the known 10.47 wt % PEG present in the sample. These data 
are summarized in Table 7.7. As can be noted, the wt % PEG calculated is larger in 
the standard additions analysis performed at S/A = 0.8 when the system is starved for 
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salt, as compared to when the analysis is performed with an excess of sodium at S/A 
= 4. With an increase of the S/A ratio from 0.8 to 2.5, the wt % PEG calculated is 
much closer to the added amount of PEG in the sample. The relative error decreases 
from 22% for S/A= 0.8 to 2% for S/A=2.5. When the salt-to-analyte ratio of 4 (with 
respect to both polymers) is used in the standard addition analysis, the sign of the 
error changes to a negative value, indicating that a lower value for the wt % PEG is 
obtained compared to the actual amount of PEG in the sample.  
Such a change in the results may be an indication of different ionization 
efficiency between the two polymers. When there is not enough cationization reagent 
in the system, preferential ionization of PEG may be taking place, which results in the 
higher values of wt % PEG calculated (12.8 wt % PEG) at S/A= 0.8. These data 
suggest that the system is completely saturated with sodium at values of S/A = 2 and 
4.  
 
Table 7.7. Effect of the salt-to-analyte ratio used in the standard addition analysis on 
the calculated wt % of residual PEG in the PEG PEGOMe (A) sample containing 
10.47 wt % PEG1500. 
 
 
S/A wt % PEG calculated Relative error [%] 
0.8 12.79 22.2 
1.6 10.89 4.0 
2.5 10.65 1.7 
4 10.03 -4.2 
 
 
The above data show that the amount of salt used to quantitatively analyze 
polymers has a significant effect on the obtained results. Careful selection of S/A 
should be performed prior to standard addition analysis. Further experiments on the 
cationization behavior of various polymers would be recommended. 
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Effect of the Amount of Residual PEG 
 
In this section the applicability of the new standard addition/internal standards 
method to a range of PEG contamination levels in an ethoxylated surfactant sample 
was studied.  Five samples of PEGOMe 2000 (A) (which is not contaminated with 
PEG 1500) with a known added amount of PEG 1500 ranging from 2.7 to 21 wt % 
were prepared at S/A=2. The standard addition/internal standards method was then 
performed on the samples, and the amount of PEG in each sample was calculated. 
The results obtained by this new method (the standard additions analysis) were 
plotted on the Y axis and the actual wt % PEG added to the sample on the X axis in 
Figure 7.9. In the ideal situation the relationship bewteen the measured and actual 
amount of PEG in the sample should give a straight line with an intercept of zero, a 
slope of 1, and an R2 equal to 1.  
As can be noted in Figure 7.9, the R2 value of 0.999 confirms that a linear 
response between the measured and actual amount of PEG in the sample exists. 
However, the slope of 1.3 suggests that a proportional error exists. This positive 
deviation from the ideal slope of 1 is interesting and may be related to the ionization 
efficiency of the polymers. Since the normalized signal of PEG to PEGOMe is 
plotted, it is observed that the response of PEG is increased in comparison to 
PEGOMe with an increase of PEG concentration in the sample. This may suggest that 
there is a difference in affinity between the two polymers for sodium cation (which 
was already shown in Chapter 4) and competition between PEG and PEGOMe in the 
MALDI plume still occurs at S/A=2. If this is the case,  the proportional error in the 
standard additions method might be eliminated if it is performed at slightly higher 
S/A ratios. 
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A constant error in a method would be indicated by the Y intercept of the plot 
in Figure 7.9 differing from zero.  As shown, the intercept of the line is calculated to 
be 0.05 wt % PEG. A small positive intercept would be indicative of a residual PEG 
1500 contamination in the blank sample, the standard sample of PEGOMe. An 
intercept error might also come from the processing parameters of the software and 
the effect of baseline correction applied to the individual spectra or from instrument 
noise picked up during the data acquisition. To learn whether the intercept was indeed 
statistically significant, the confidence intervals (CIs) of the intercept were calculated. 
The upper and lower confidence interval vaules for the 95% level were (-0.53) and 
0.62,  indicating that the intercept was not statistically significant and there was no 
constant error in the analysis. 
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Figure 7.9. Relationship between the measured weight % of PEG 1500 and the 
weight percent of PEG 1500 added to the sample. Each data point is the result of  
a single sample analysis (i.e., N=1). 
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Verification of the Standard Addition - Internal Standards Method 
The results of the MALDI analysis were first verified using surfactant samples 
spiked with known amounts of a PEG standard.  Since the PEGOMe (PS) sample was 
found to contain no detected residual PEG, it was relatively straightforward to 
construct a sample containing a known amount (5.6 wt %) of PEG.  This spiked 
sample was analyzed using the combined standard addition internal standard MALDI 
method, and returned values of 5.6 and 5.7 wt %, respectively using the DHB and 
CHCA matrices.  The accuracy of the method (a relative error of 0 and 2% was 
determined using the DHB and CHCA matrices) was found to be excellent. 
To further verify the MALDI results, they were compared to a standard 
reversed-phase HPLC-based method using evaporative light scattering detection 
(ELSD) developed to measure the residual PEG in an ethoxylated surfactant.   
A sample of the experimental surfactant D-50 was analyzed with the HPLC method, 
using a PEG 1000 standard to create the calibration curve for the HPLC analysis. 
Example of the HPLC chromatogram is shown in Figure 7.10.   
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Figure 7.10. HPLC chromatogram of a PEG 1000 standard overlaid with the 
chromatogram of the D-50 surfactant sample. 
 
 
The standard additions curve from the MALDI analysis (slope= 0.0115, 
intercept= 0.0237, r2= 0.9769) yields a value of 2.1 (+/- 0.3) wt % PEG present, 
whereas the HPLC results suggest a contamination level of 2.4 wt % PEG. The 
MALDI results exhibit a relative error of -10%, in good agreement with the HPLC-
based method. Comparable amounts of residual PEG are determined from both 
techniques, demonstrating that the combined internal standard-standard addition 
MALDI technique is applicable for quantitative analysis of the residual PEG in these 
commercially available ethoxylated surfactants. 
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Conclusions 
 This study demonstrates that a combined standard addition and internal 
standard approach enables MALDI to provide useful quantitative results to measure 
residual PEG in ethoxylated surfactants.  These standard addition experiments 
provided highly reproducible data with high linearity in the standard addition plots.  
The standard addition method was verified using spiked standards and by comparison 
with a traditional HPLC method on one of the analyte samples. 
 The combination of the standard addition and internal standard protocols has 
enabled us to address the relative response issues that have plagued previous 
quantitative MALDI experiments.  By building on previous understanding of key 
aspects of the MALDI experiment we have controlled important variables such as the 
sample deposition, the matrix-to-analyte ratio, and the salt-to-analyte ratio.  Without 
an understanding of the impact of these variables on the MALDI experiment, true 
quantitation would not be possible. 
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CHAPTER 8: FUTURE WORK 
 
 The information presented in this thesis covers a number of topics related to the 
development of a better understanding of the MALDI process and application of MALDI. 
While summarizing the experiments, some new ideas were suggested for future 
experiments related to each of the described projects. 
 
CHAPTER 3: Sample Morphology Characterization 
 Since every matrix has its own solubility limit in a given solvent, it would be 
expected to observe different sizes of the droplets obtained from different matrix 
solutions. Further investigations to characterize the liquid droplets size, resulting solid 
particle size distribution, overall size of the sample spot, and sample morphology 
obtained with other types of matrices could be performed.  
 An interesting idea to investigate would be the effect of the size of the dry 
droplets on the MALDI signal sensitivity. It was shown here that there is a correlation 
between the size of the electrospray deposited droplets and the matrix solution degree of 
saturation; as the saturation increases, the droplets impinging on the surface become drier 
and larger. The number density of the droplets in the solid sample spot and how closely 
the droplets are packed in the solid network should be affected by the size of the 
individual droplets. It is known that the surface temperature of small crystals becomes 
high enough to completely volatilize the crystal upon laser irradiation1. It would be 
interesting to investigate if there is any specific size electrosprayed droplet (a result of 
some critical matrix concentration) that might more efficiently generate ions and result in 
signals of higher intensities than when other conditions are used. 
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 Another extension of this work would be to measure sample thickness using 
techniques other than MALDI. It was shown that the thickness of MALDI sample spots 
can be measured using MALDI, however, it might be more useful to correlate MALDI 
data with other techniques that directly measure thickness in order to obtain quantitative 
results and a numerical picture of the sample thickness.  
 
 
CHAPTER 4: Cationization of Synthetic Polymer Samples 
 
It is known that in the gas-phase ionization of polymer samples in MALDI, that 
the matrix may compete with the analyte for the cation2 and result in changes in 
ionization efficiency. Due to the differences in the structure of matrix molecules, the 
matrices show different behaviors in binding of alkali salts.  Also, due to the differences 
in the functional groups and end groups on the backbone of the polymer chain, different 
polymers perform differently and bind to the cations with various strengths.   
Interesting effects of the M/A and S/A ratios were observed in Chapter 4. As 
discussed in the chapter, PEG has higher affinity for the sodium cation than PEGOMe. 
Further studies should be performed to better understand the alkali competition in various 
matrix/polymer systems. The effect of the end group on the polymer chain on the binding 
affinity to the cation should be extended to the poly(ethylene glycol)-based polymers 
with end groups containing, e.g., aromatic rings or hydrophobic alkyl chains. Since PEG 
is the simplest in its structure, it could be selected as a reference material.  
Another possible expansion of the S/A studies would be to add matrix-cluster 
formation, as a function of the amount of sodium added, as an additional variable into the 
mathematical model. Also, the effect of matrix-cluster formation as an effect of matrix 
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solution saturation would be worth studying. The knowledge about binding constant 
between the matrix and salt, polymer and salt, and matrix clusters and salt would be 
valuable information that might help better explain analyte behavior during the MALDI 
polymer ionization process.  
 Finally, improvement and further development of the theoretical model to 
calculate binding constants in the complex systems is also desired and should be 
continued. 
 
CHAPTER 5: Effect of Sample Evaporation  
The work presented in Chapter 5 described sample evaporation in the high 
vacuum of mass spectrometer. All of the optical and AFM work was performed on Si 
wafers whereas MALDI sample plates are made of SS. As the identity of the target 
surface may affect the electrospray and size of the solid particles formed, and thus have 
an influence on the evaporation rate, further experiments on the evaporation using other 
target substrates should be performed.  
Evaporation tests with other matrices would allow determination of which matrix 
is the most stable in vacuum. The evaporation rate for the matrices could also be studied 
using a quartz crystal microbalance (QCM). Matrices could be sprayed at different 
saturation levels and the evaporation of material compared for different size particles. 
Useful information might be obtained in order to allow selection of the optimal matrix 
concentration. To study the effect of surface area of a single droplet on the evaporation 
rate, one would need to select samples that differ significantly in the solution 
concentration (to obtain large differences in the size of the droplets deposited upon 
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electrospraying). Also the samples would have to be sprayed long enough to obtain 
complete coverage and similar thickness of the samples used for comparison. 
 
CHAPTER 6: Signal Enhancement- “Donut Shape” Samples 
 The work in Chapter 6 focused on electrospray deposited sample spots of a 
specific visual appearance, called “donut-looking” samples.. Analyte signal enhancement 
was recorded from the central (transparent) region and signal was lower when MALDI 
mass spectra were collected from the outer white ring. The reverse situation was observed 
when matrix ions were monitored- matrix ions generated high intensity signal from the 
white ring and suppressed signal from the center of the spot. 
 This interesting distribution of the analyte signal may be due to changes in the 
electrospray regimes observed at high salt concentrations. Further work would be to 
explore sample droplets generation during the ESD process and spray characteristics of 
solutions with high amounts of electrolyte. The size of the liquid droplets formed at the 
tip of the Taylor cone might be measured with Phase Doppler Anemometry (PDA)3 and 
spray regimes could be followed with high speed camera.3 
 Sample thickness measurements of samples prepared from different 
matrix/analyte combinations sprayed from other solvents should be performed to 
investigate the sources of the donut-type samples and analyte signal enhancement.  
The use of various laser fluences on the matrix evaporation versus explosive 
ablation mechanism were studied4,5,6,7,8 by many groups. Generally, higher laser fluence 
results in the formation of denser gas plume and higher ion yields. Experiments should be 
performed to investigate whether the energy stored in the bulk matrix after the laser 
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ablation has an effect on the analyte and matrix clusters distribution across the sample 
spot. The mean of multiple first shot spectra could be compared to the average of the 
second shot spectra. The experimental procedure would consist of two parts-in the first, 
collection of the first shot spectrum would take place, then in the second part, collection 
of the second shot spectra, without saving the first one would be performed. The 
differences in the results would show whether the energy storage from the first laser shot 
has an influence on the signal obtained during the second ablation.  
Also, to completely understand how the sample components are located across the 
sample spot, sodium distribution could be measured using e.g., secondary ions mass 
spectrometry (SIMS). The knowledge of the sodium cation distribution might be a useful 
piece of information that would help understand the electrospray process itself. Laser 
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), where the 
sample is directly analyzed by ablating with a pulsed laser beam could also be used to 
monitor sodium across the spot. 
 
CHAPTER 7: Development of a Combined Standard Additions/Internal Standards 
Method to Quantify Residual PEG in Ethoxylated Surfactants by MALDI TOFMS  
 
It was noted in Chapter 7 that MALDI response increases with increasing 
amounts of PEG present in the sample. The results displayed in Figure 7.12 demonstrate 
that there may be a competition between the two polymers present for the cationization 
reagent with PEG having a higher affinity towards sodium than the PEGOMe analyte. A 
method to measure relative responses of surfactants towards cationization reagent with 
PEG serving as a constant variable might provide valuable information about competition 
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in the MALDI ion source. A set of surfactants of the same average molar mass but 
different end groups would have to be selected as the analytes. First, the ability of the 
surfactant to be laser desorbed would have to be measured. If there were differences in 
the signal intensities between individual polymers, then such polymers would not be 
good for the suggested studies. Only a group of surfactants with similar responses could 
be used. Since the polymers of higher molar masses do not undergo laser desorption, a 
group of surfactants of such higher average molar mass might be used instead.  
Also, when a lower average molar mass standard was used (1000 Da), less 
residual PEG was measured, and as higher molar mass standards were used increasing 
amounts of residual PEG in the surfactant analyte were measured. The effect of the 
molecular weight of the polymer on the quantitative results is worth further study. 
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APPENDIX A: LIST OF ABBREVIATIONS 
 
 
A   analyte 
AC   analyte constant 
A/D   analog-to-digital 
AgNO3 silver nitrate 
AFM    Atomic Force Microscopy  
ANOVA   analysis of variance  
CAS RN  Chemical Abstracts Service registry number 
-CH3   methyl group 
CHCA  α-cyano-4-hydroxycinnamic acid  
CV    coefficient of variation 
CI   confidence interval 
d    distance 
Da    daltons 
DC   direct current 
DCTB   trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] 
malononitrile 
DF    degrees of freedom 
DHB    2,5-dihydroxybenzoic acid  
DI  H2O   deionized water 
DP   degree of polymerization 
EtOH   ethanol  
ESD    electrospray deposition 
ESI   electrospray ionization 
ΔHsub    enthalpy of sumblimation 
HPLC   high pressure liquid chromatography 
IAA   trans-3-indoleacrylic acid 
i.d.    inside diameter 
IEM   Ion evaporation model  
IPA    isopropyl alcohol 
IR   infrared absorption 
IS    internal standard 
IS1    ion source 1 
IS2    ion source 2 
K+   potassium cation 
K1   binding constant between polymer and sodium 
K2   binding constant between matrix and sodium 
KE    kinetic energy 
L    length 
LDI    laser desorption/ionization 
Linreg   linear regression 
LOF    lack of fit 
 301
M   matrix 
m    mass 
M/A    matrix to analyte mole ratio 
m/z    mass to charge ratio 
MALDI   matrix assisted laser desorption ionization 
MC   matrix constant 
MCP    microchannel plate 
MeOH  methanol 
MS    mass spectrometry 
MSI   mass spectrometry imaging 
MW    molecular weight 
Na+   sodium cation 
NaTFA   sodium trifluoroacetate 
Nd:YAG  neodymium-doped yttrium aluminium garnet 
NMR   nuclear magnetic resonance 
o.d.   outside diameter 
OCN    oscillating capillary nebulizer 
-OH   hydroxyl group 
OP   optical profilometry  
PDA    Phase Doppler Anemometry  
PDMS  polydimethylsiloxane 
PEG    polyethylene glycol 
PEGOMe  polyethylene glycol methyl ether 
PEGOMe2  polyethylene glycol dimethyl ether 
PEO   polyethylene oxide 
PIE    pulsed ion extraction 
PMMA  poly(methylmethacrylate) 
ppm    parts per million 
PS   PEGOMe from Polymer Source 
R2    coefficient of determination 
RE   rerlative error 
RSD   relative standard deviations 
S   salt 
s1   sample 1 or spray1 
SA   standard additions 
S/A    salt to analyte mole ratio 
SEC   size exclusion chromatography 
SEM   scanning electron microscopy 
SFM   scanning force microscopy 
S/N   signal to noise ratio 
SIMS   Secondary Ion Mass Spectrometry  
StDev   standard deviation 
SR   Spectral reflectance 
SS    stainless steel 
t    time 
THF    tetrahydrofuran 
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TOF    time-of-flight  
UV/Vis   ultraviolet/ visible 
V   total volume of the sample solution 
z    number of charges on an ion 
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APPENDIX B: MATRIX SOLUBILITY MEASUREMENTS  
 
Introduction 
Many parameters affecting the quality of the MALDI mass spectra of synthetic 
polymers have been studied over the years. The major factors, apart from the 
instrument settings, are generally related to the sample preparation step. The quality of 
the spectrum depends on the type of matrix used, identity of the cationization reagent 
added, the mole ratios of the sample components and their concentrations in the 
solvent used for the solution preparation. Solubility, as it affects matrix saturation in 
the given solvent and thus droplet size of the deposited material, is also an important 
factor1.  
Solubility is a crucial parameter measured and used in a number of different 
scientific disciplines. It is a property of the material that describes the ability of this 
material to dissolve in a specific solvent at given temperature and pressure. The 
methods to measure solubility can be separated into two groups: kinetic and 
thermodynamic2. Kinetic solubility is the concentration of the substance/solute in the 
solution at a time when the first particles of the solute start to appear as precipitates3; 
thermodynamic solubility is the concentration of a substance/solute in saturated 
solution4. During thermodynamic solubility measurements an excess of solid is 
present in the solution and equilibrium between the solution and precipitated particles 
is established.  
 
Experimental Measurements. 
 Many methods have been reported to measure the solubility of a material. 
Although time-consuming, the most common method for the measurement of 
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thermodynamic solubility is the saturation shake-flask method4,3. It is very reliable 
when the solubility of compounds is very low5 and it is used as a standard method 
against which all other methods can be validated2.  The shake-flask method is based 
on a two-step protocol; saturated sample solutions are prepared and shaken for the 
specified number of hours in the first step and they are allowed to sediment and 
separate in the second step. Aqueous solutions with multiple components are then 
analyzed by HPLC with UV-detection system and concentrations of the analyzed 
compounds are calculated.  
A few other methods for making solubility measurements mentioned in the 
literature include: H-NMR based on the use of an internal standard method as 
discussed by Lin et al6, and differential scanning calorimetry (DSC) where the 
enthalpy/heat change between sample solution and a reference material is utilized to 
estimate solubility. The DSC method has been described by Myerson et al7. 
Potentiometric techniques were used for the determination of solubility of the 
nonionic surfactants8 and anti-diabetic compounds9, among others.   
 
Solubility Calculations 
 Physicochemical characterization and compound solubility information can 
also be estimated from the theoretical methods using mathematical models. Introduced 
by Hildebrand in 1936 and extended by Hansen, the solubility model provided an easy 
explanation why certain materials could be dissolved in specific solvents. Hansen’s 
website, http://hansen-solubility.com/, provides lots of valuable information regarding 
solubility issues including history, publications, e-books and video tutorials. Based on 
the well known rule "like dissolves like”, Hildebrand and Hansen solubility 
parameters (HSP) can be used to model the solubility behavior of many simple 
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molecules. If the HSP of the molecule has a similar value to the HSP of the solvent it 
could be estimated that such solutes would easily dissolve in the solvent. However, 
problems occur when the parameters were used in the predictions of complex systems 
that included swelling polymers10, high boiling point substances, or binary or tertiary 
solvent mixtures. To estimate the solubility of those more demanding solute-solvent 
combinations that include higher complexity of the molecular structure of the 
compound other experimental and computational methods have been developed. 
Predictions by the universal quasi-chemical model (UNIQUAC equation11) 
have been used for solid-liquid equilibrium and non-ideal systems. Mathematical 
representations of solute-solvent mixtures using Abraham solvation parameters have 
also been commonly used for solubility predictions12. A free on-line calculator for 
solubility predictions can be found on 
(http://showme.physics.drexel.edu/onsc/models/solutesolventprediction.php, accessed 
on 12/10/2011). 
 Plenty of sources of error and limitations to the solubility measurements and 
predictions have been mentioned in the literature5, 13. Accurate results are difficult to 
obtain with any of the techniques because they are influenced by multiple factors, 
including temperature, stirring time, purity of the material, size of the particles, 
crystallinity, particle aggregation, supersaturation, pH, or separation technique used 
such as sedimentation, centrifugation or filtration.  Theoretical models are also 
difficult to apply for complex molecules due to the variety of molecule-solvent 
interactions (e.g.non-polar, electrostatic, dipole-dipole, hydrogen bonding, etc.) that 
have to be mathematically described.  
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Solubility and MALDI 
The solubility of a material has a great impact on its purification by re-
crystallization14. The goal of the MALDI sample deposition process is to obtain 
analyte and matrix co-crystallization, i.e., to keep the impurities (the analyte) within 
the crystal lattice of the matrix. The commonly used dry-drop deposition technique 
generates large crystals, whereas electrospray deposition generates small solid 
droplets. The electrospray deposited samples can have various forms and shapes 
depending on the degree of solution saturation of the matrix. As signal reproducibility 
in MALDI analyses is highly dependent on the sample preparation step, the solubility 
of two matrices 2,5-DHB and CHCA was studied experimentally using the 
UV/Visible absorption and SpeedVac methods. Theoretical values were also 
calculated for these matrices. The degree of solutions saturation was used to explain 
the morphology of the samples observed and described in Chapter 3. 
 
Solubility Measurement Methods 
UV/Visible Absorption Saturated Sample Preparation Method 
Saturated sample solutions were prepared by transferring the solid sample with 
a spatula into a capped glass vial containing 1 mL of solvent. Borosilicate vials were 
used to reduce the leaching of sodium from the glass. The solution was vortexed for 
approximately 5 minutes and then heated to a constant temperature in an open HPLC 
oven at 50oC in tightly closed vials. If the solid sample dissolved at the elevated 
temperature, then more of the material was added to the vial until solid excess 
remained in the solution for about 10 minutes, as shown in Figure B-1. The solution 
was vortexed again for 5 minutes and left at 50oC in the HPLC oven overnight. 
Capped vials were additionally sealed with para-film to prevent solvent evaporation. 
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The solution was taken out of the oven and left to cool down. The solute was allowed 
to sediment for 2 days. The vials were not opened during the cooling and 
sedimentation period. Solid crystals appeared at the bottom of the vials when the 
temperature decreased to room temperature (approximately 22oC). Aliquots from the 
saturated solution above the crystals were then used to make appropriate dilutions for 
the solubility measurements (e.g. 100 μL of saturated solution was transferred into a 
10mL volumetric flask and filled with solvent to volume; 100 μL of that solution was 
further diluted into a 25 mL volumetric flask.) Double dilution was necessary to 
ensure that the solute concentration fell within the linear range of the calibration curve 
which was determined by the molar absorptivity and the accessible range of the 
Perkin-Elmer Lambda-35 UV-visible absorption instrument used in this work. 
 
 
UV/Visible Absorption Measurements 
A solution of the matrix in the solvent of interest was prepared to determine 
the wavelength where the maximum absorbance was observed. The absorption 
spectrum of the pure solvent was measured to ensure that there is no absorption of the 
solvent at the selected working wavelength. To evaluate the molar absorptivity (ε) of 
the analyzed solution, a calibration curve based on five data points was generated. A 
series of solutions of known solute concentration were prepared, with the highest 
concentration of approximately 0.1mM. Higher matrix concentrations resulted in a 
second order absorbance versus concentration relationship.  
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SpeedVac Method 
Work described by the SpeedVac method was performed by Francisco 
Guevara, an undergraduate research student in our group. Results obtained by the 
SpeedVac method are included here for comparison to the UV/Visible absorption and 
calculational methods. The experimental conditions employed for this method are 
different than the UV/Visible measurements because both methods were developed as 
separate solubility measurements. 
Saturated solutions were prepared by using a spatula to add the matrix under 
study to 10mL of solvent in a capped glass vial. The vial was swirled after every 
addition until all solid disappeared. Once solid stopped dissolving from just swirling, 
the solution was sonicated for 30 seconds after every addition. Once sonicating was 
not enough to dissolve the residual solid, about half a spatula of solid was added as 
extra. The sample was then heated to 45oC by placing on an HPLC column heater for 
at least 30 minutes. Once the samples had reached the desired temperature, they were 
placed in a 25oC water bath for at least 30 minutes. Then, 1.0mL aliquots were 
measured out using a 100μL-1000μL Eppendorf pipette and deposited into a pre-
weighed 1.5mL vial. A total of 5 vials were prepared from the same sample solution 
for each solvent. The vials were then placed in the SpeedVac for at least 60 minutes to 
remove the solvent. Once completely dried, the vials were removed and weighed 
again. The solubility was taken as the difference in masses between the vial with dried 
matrix and the empty vial. 
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Predicted Solubility 
 The solubility of DHB and CHCA in a selected group of solvents was 
predicted using Abraham's general solvation model and on-line calculator from Prof. 
J.C Bradley webservice. The obtained solubility values were predicted as molar 
concentrations. Those results and the molar mass of the matrices were then used to 
calculate solubility in mg/mL. The on-line calculator requires a compound of interest 
to be entered with either its common name or SMILES notation. Appropriate solvent 
can be chosen and calculations for the selected pair performed. Link to the calculator 
is provided below: 
http://showme.physics.drexel.edu/onsc/models/solutesolventprediction.php (accessed 
on 12/10/2011). 
 
 
Results and Discussion 
 Saturated solutions were prepared by addition of matrix to the sample vial at 
elevated temperature until the solid did not dissolve at 50oC, as shown in Figure B-1. 
The supernatant as collected and used during the solubility measurements. 
 
 
  310
    
  
Figure B-1. Saturated solutions of DHB used for the measurements of solubility in 
different solvents. 
 
 
Molar absorptivity (ε) values of the matrices in individual solvents were 
obtained from the slopes of the calibration curves and they are summarized in Table 
B-1 and Table B-2. The much higher molar absorptivity for the aqueous solution of 
CHCA (17800 L/(mol*cm) at 337nm) comparing to DHB (3340 L/(mol*cm) at 
337nm) has been reported previously15. The data presented in Table B-1 and Table 
B-2 are consistent with the literature data, and the slight differences between 
individual absorptivity values is likely the result of  the effect of solvents selected for 
this experiment. The solubility was studied in the organic solvents whereas the 
literature data are provided for the aqueous media.   
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Table B-1. Summary of the molar absorptivity values for the DHB matrix in the 
selected organic solvents. Molar absorptivity values for NaTFA, PEG 4600 and 
(PEG4600+NaTFA) mixture are also provided. 
 
 
DHB Molar absorptivity [L/(mol*cm)] (+/- StDev)
Acetone 4813 (+/- 49) 
Ethanol 4174 (+/-38) 
Methanol 4066 (+/-64) 
Acetonitrile 4307 (+/-21) 
Water 4171 (+/-21) 
Chloroform 3804 (+/-17) 
THF 4274 (+/-78) 
THF+ mix solution of 
(PEG4600+NaTFA) 4491 (+/-56) 
THF+ solution of NaTFA 4629 (+/-28) 
THF+ solution of PEG4600 4661 (+/-18) 
 
 
Table B-2. Summary of the molar absorptivity values for the CHCA matrix in the 
selected organic solvents. 
 
CHCA Molar absorptivity [L/(mol*cm)] (+/- StDev)
Acetone 27707 (+/-96) 
Ethanol 25589 (+/-250) 
Methanol 21212 (+/-361) 
Acetonitrile 25835 (+/-460) 
Water Not measured  
Chloroform Not measured 
THF 25179 
 
 
All quantitative determinations of solubility were performed without 
extrapolation, from the linear portion of Beer’s Law calibration curve, an example of 
which is shown in Figure B-2. 
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Figure B-2. Calibration curve used to measure solubility of DHB in methanol. 
 
 
The summary of the solubility results for DHB matrix in selected organic 
solvents is provided in Table B-3. Solubility measurements obtained from two 
different experimental methods were compared. Good agreement between the results 
obtained by the UV/Visible absorption and SpeedVac methods was observed. The 
solubility of DHB ranged from as low as 0.7 mg/mL (+/-0.002) in chloroform to more 
than 470 mg/mL (+/-8.2) in THF. Great precision of the measurements was obtained 
by both methods. A good idea about solubility levels for the DHB matrix could be 
obtained from the combined UV/Vis and SpeedVac results for most of the studied 
solvents. Note, however, that the solubility of DHB obtained in methanol and water 
differs greatly between the UV/Visible asbsorption and SpeedVac methods.  
The high solubility result obtained for water may be easily explained by the 
way the SpeedVac experiment was performed; i.e., not enough time was provided for 
the sample to be dry completely and water contained in the vial would increase the 
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calculated solubility result.  The solubility differences found in methanol might also 
be associated with the sample preparation step but they are more difficult to explain. 
The experimental measurements were compared to the results obtained from 
the calculational method. Much worse correlation was observed between the 
experimental and calculated values. The calculated solubilities obtained for methanol, 
ethanol and THF were on average 2 x greater than the experimental solubilities. Also, 
the predicted solubility in chloroform was almost 10x greater than the experimental, 
suggesting that the theoretical method might require further development. 
 
 
Table B-3. Comparison of the solubility of DHB matrix in various solvents obtained 
by the UV/Visible, SpeedVac and calculation methods. 
 
 Solubility [in mg/mL] (SD, % Coeff.of variation) 
Solvent UV/VIS SpeedVac Calculations 
Acetone 342.5 (7.2, 2.1%) 333.3 (4.7, 1.4%) 386.5 
Ethanol 335.4 (2.1, 0.6%) Not measured 1003.9 
Methanol 347.0 (6.8, 1.9%) 411.3 (4.4, 1.1%) 997.6 
Acetonitrile 65.3 (1.6, 2.4%) 92.2 (0.7, 0.8%) 50.4 
Water 19.8 (0.3, 1.5%) 120.2 (7.3, 6.1%) 12.2 
Chloroform 0.7 (0.002, 9.4%) 1.3 (0.3, 25.3%) 10.9 
THF 476.0 (0.01, 1.7%) 469.8 (8.2, 1.8%) 977.0 
 
 
The solubility of CHCA matrix was studied in the same group of organic 
solvents and water. A very low solubility of CHCA was obtained in acetonitrile (only 
1.6 mg/mL, +/- 0.04) while it was the highest in THF (130.5 mg/mL, +/-2.1). Due to 
the very low solubility values obtained for CHCA in water and chloroform with the 
use of SpeedVac method, the solubility in these two solvents was not performed using 
the UV/Visible absorption method. Also note that there is a big difference in the 
experimental values obtained when acetone was used as solvent. Since acetone is 
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highly volatile some errors might have been introduced while the UV/Visible 
measurements were performed. 
 
 
Table B-4. Comparison of the solubility of CHCA matrix in various solvents obtained 
by the UV/Visible, SpeedVac and calculation methods. 
 
 Solubility [in mg/mL] (SD, % Coeff.of variation) 
Solvent UV/VIS SpeedVac Calculations 
Acetone 23.8 (1.4, 6.0%) 3.4 (0.3, 8.4%) 5.9 
Ethanol 38.1 (0.75, 2.0%) 57.5 (1.7, 2.9%) 23.6 
Methanol 49.6 (2.3, 4.7%) 51.0 (3.2, 6.3%) 23.1 
Acetonitrile 1.6 (0.04, 2.7%) 4.5 (0.3, 6.9%) 0.8 
Water Not measured 0.4 (0.04, 8.9%) 0.2 
Chloroform Not measured 2.7 (1.0, 37.2%) 0.8 
THF 130.5 (2.1, 1.6%) 121.7 (7.6, 6.2%) 16.8 
 
 
As can be noted, the solubility of DHB is much greater than the solubility of 
CHCA in all of the tested solvents 
 
 
Effect of Additives on Matrix Solubility 
Another experiment was performed using the UV/Visible absorption method 
where the solubility of DHB was measured in three solutions: a- THF solution 
containing NaTFA, b- THF containing PEG 4600 and c- THF containing a mixture of 
NaTFA and PEG 4600.  These solubility results are provided in Table B-5. As can be 
seen, the presence of the sample additives increases the solubility of DHB in THF. 
The presence of a surfactant in the solution mixture has been reported in the past to 
increase the solubility of the analyte.6 
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It is also known that the solubility of a salt (e.g. NaCl) in water decreases in 
the presence of a common ion16 but increases in the presence of diverse salts. Salts 
that do not contain a common ion increase the dissociation of an electrolyte that is 
shielded by other ions apparent in the solution17. The attraction between positively and 
negatively charged ions causes a decrease in their effective concentrations, thus 
shifting the equilibrium towards the dissociated species. As shown, the solubility of 
DHB in the solution contaminated with NaTFA was slightly higher (530.4 mg/mL) 
than the solubility obtained in pure THF (476.0 mg/mL).  
 
 
 
Table B-5. Solubility of DHB in THF and solutions containing NaTFA, PEG4600 and 
mixture of salt and polymer in THF. 
 
2,5-DHB 
Solubility [mg/mL] (SD), (% Coefficient of variation) 
THF+ solution of NaTFA 530.4 (15.2) (2.9%) 
THF+ solution of PEG4600 501.4 (8.2)(1.6%)* 
THF+ mix solution of (PEG4600+NaTFA) 540.3 (11.2)(2.1%)* 
*Values are statistically different 
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Conclusion 
 Results of the solubility studies described here show the solubility of two 
common matrix materials is different in different solvents. Solubility depends on the 
type of matrix and solvent used as well as presence of additives in the solution 
composition.  
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